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PREFACE 


These  proceedings  volumes  I  and  II  comprise  the  papers  accepted  for  presentation  at 
the  Ninth  International  Symposium  on  Applications  of  Laser  Techniques  to  Fluids 
Mechanics,  which  is  to  be  held  at  The  Calouste  Gulbenkian  Foundation  in  Lisbon, 
during  the  period  July  13  to  16, 1998.  The  prime  objective  of  this  Ninth  Symposium 
is  to  provide  a  forum  for  the  presentation  of  the  most  advanced  research  on  laser 
techniques  for  flow  measurements,  and  reveal  significant  results  to  fluid  mechanics. 
The  applications  of  laser  techniques  to  scientific  and  engineering  fluid  flow  research 
is  emphasised,  but  contributions  to  the  theory  and  practice  of  laser  methods  are  also 
considered  where  they  facilitate  new  improved  fluid  mechanics  research.  Attention  is 
focused  on  laser-Doppler  anemometry,  particle  sizing  and  other  methods  for  the 
measurement  of  velocity  and  scalars,  such  as  particle  image  velocimetry  and  laser 
induced  fluorescence. 

The  papers  comprising  the  formal  record  of  the  meeting  were  selected  following  high 
standard  reviews,  by  members  of  the  Advisory  Committee,  from  approximately  300 
extended  abstracts  submitted  for  presentation  at  this  meeting. 

Volume  1  comprises  the  papers  to  be  presented  in  sessions  1  to  20  during  the  first  and 
second  days  of  the  Symposium,  namely  July  13  and  16,  while  Volume  II  includes  the 
papers  included  in  sessions  21  to  39,  which  will  occur  in  the  following  days, 
Wednesday,  July  15,  and  Thursday,  July  16. 

We  would  like  to  take  this  opportunity  to  thank  those  who  assisted  in  the  Organization 
of  the  Symposium  an  in  particular  the  members  of  Advisory  Committee.  We  are 
highly  indebted  for  the  financial  support  provided  by  the  Sponsoring  Organisations 
that  made  this  Symposium  possible.  Many  thanks  are  also  due  to  the  Secretariat  of 
the  Symposium,  Graga  Pereira,  Tiberia  Valente,  Luisa  Martins,  Anabela  Almeida  and 
Ana  Nunes. 
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ABSTRACT 

Modem  metal  powder  processing  techniques  have  a 
continuous  demand  for  decreasing  the  mean  particle  size  of 
powders  and  increasing  quality  in  terms  of,  e.g.,  powder 
particle  surface  structure  and  morphology.  The  industrial 
processes  of  gas  or  inert  gas  assisted  atomization  (IGA)  of 
molten  metals  must  therefore  be  optimized  to  yield  these 
required  high  quality  powders  at  competitive  prices. 

In  the  present  work  it  was  attempted  to  reach  this 
optimization  by  two  steps:  first,  the  search  for  a  deeper 
understanding  of  the  IGA  process  through  detailed  off-  and 
on-line  PDA  measurements  and,  second,  on-line  process 
control  for  the  adjustment  of  the  dominant  process  pa¬ 
rameter,  the  atomizing  gas  pressure,  to  an  optimized  level. 

It  was  found  that  a  droplet  velocity  measurement  at 
a  single  specific  location  inside  the  molten  metal  spray  of 
IGA  is  sufficient  to  characterize  the  mean  droplet  diameter 
of  the  whole  spray  and,  hence,  to  predict  the  essential  char¬ 
acteristics  of  the  metal  powder  produced. 

1  INTRODUCTION 

Although  metal  powders  cover  only  a  small  part  of 
the  worldwide  market  for  metal  raw  materials,  powder  met¬ 
allurgy  shows  increasing  importance  for  many  production 
processes.  Following  White  (1997),  powder  metallurgy  is 
the  most  promising  way  for  developing  new  metals  and 
creating  new  material  characteristics. 

Metal  powders  required  by  the  processing  indus¬ 
tries  over  the  last  years  have  shown  tendencies  for  very 
small  mean  particle  diameters  (Capus  1996).  In  order  to 
deliver  these  fine  powders  at  competitive  prices,  the  pow¬ 
der  production  process  via  IGA  has  to  be  optimized. 

The  gas-assisted  atomization  of  molten  metals  has 
been  investigated  by  several  groups  worldwide  (e.g.  Ander¬ 
son  et  al.  1991,  Miller  et  al.  1992)  in  order  to  optimize  the 
atomizer  geometries  and  process  parameters.  The  on-line 
measurement  of  particle  sizes  in  this  process  was  first  per¬ 
formed  using  Fraunhofer  diffraction-based  techniques  (e.g. 
Ridder  et  al.  1992).  Stagnation  in  the  dissemination  of  this 
technique  to  industrial  application  showed  that  this  tech¬ 
nique  is  only  partly  applicable  for  characterizing  the  dense 
sprays  of  IGA.  Early  investigations  by  Bauckhage  et  al. 


(1989)  proved  that  PDA  is  more  suitable  for  such  meas¬ 
urements  in  the  gas-assisted  atomization  of  metals. 

In  this  paper,  the  steps  in  the  application  of  PDA 
for  the  control  of  IGA  are  described.  First  a  short  overview 
of  the  applied  PDA  measurement  technique  is  given.  The 
off-  and  on-line  investigations  are  then  described  in  detail, 
together  with  the  resulting  setup  of  a  closed  control  circuit 
for  this  process  (Domnick  et  al.  1996).  In  addition  to  the 
PDA  characterization  of  the  metal  sprays  in  IGA,  a  method 
to  characterize  the  atomization  process  by  a  one-component 
LDA  measurement  is  presented.  The  paper  ends  with  a 
summary  of  the  work  and  an  outlook. 

2  PDA  MEASUREMENT  TECHNIQUE 

A  commercial  fiber-based  two-component 
AEROMETRICS  PDA  system,  using  an  ILT  argon-ion 
laser  and  a  DSA  processor,  was  used  to  investigate  the 
metal  sprays  produced  by  IGA.  The  system  offers  the  nec¬ 
essary  velocity  bandwidth  and  the  robustness  of  optical  and 
electronic  components  required  in  the  hostile  environment 
near  a  metal  atomization  chamber.  The  optical  setup  of  the 
system  and  the  resulting  measurement  ranges  are  summa¬ 
rized  in  Tables  1  and  2. 


Table  1:  Optical  setup  of  the  used  PDA  system 


transmitting  optics 

symbol 

value 

laser  power  in  probe 
volume 

Pl 

40  mW 

focal  length 

fr 

500  mm 

beam  separation 

dsp 

78  mm 

beam  diameter 

D 

e  ~ 

7.8  mm 

wavelength 

A 

514.5  nm 

receiving  optics 

symbol 

value 

focal  length 

fr 

500  mm 

slit  width 

s 

150  pm 

detector  separation 

(di-cy  / 
(d,+d3) 

14.71  mm/ 

38.01  mm 
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Tab.  2:  Resulting  PDA  characteristics 


characteristic  dimensions  of 
the  probe  volume 

value 

diameter 

42.0  pm 

length 

554.0  pm 

distance  of  the  fringes 

3.3  pm 

number  of  fringes 

13 

measurement  range 

velocity 

-66.0  -  +260.5  m/s 

size  (reflection) 

4.8  -  216.9  pm 

PDA  powder 


transmitting  optics  feeding  device 


3  OFF-LINE  PDA  CHARACTERIZATION 

There  are  two  major  reasons  for  performing  an  off¬ 
line  characterization  of  metal  powders  before  applying  a 
PDA  system  on-line  in  an  atomization  process:  first,  the 
capability  of  the  PDA  to  measure  solid  powder  particles  as 
well  as  liquid  droplets  has  to  be  verified,  and  second,  these 
tests  allow  a  direct  comparison  of  PDA  and  Fraunhofer 
diffraction  measurements  of  the  powders.  According  to 
Bauckhage  et  al.  (1989),  the  surface  structure  of  solid  parti¬ 
cles  makes  PDA  measurements  of  the  particle  size  more 
difficult  and  uncertain  than  drop  size  measurements.  In  an 
application,  this  might  affect  the  small  particles  most 
strongly,  since  the  smallest  droplets  solidify  most  quickly. 
Any  correlation  between  the  rejection  rate  of  the  PDA  and 
the  size  of  the  particles  would  lead  to  a  systematic  differ¬ 
ence  between  on-line  PDA  results  and  the  real  particle  size 
distribution,  which  is  usually  measured  using  the  Fraun¬ 
hofer  technique  as  a  reference. 

3.1  Laboratory  setup 

These  reference  measurements  were  performed  with 
a  SYMPATEC  HELOS  particle  size  analyzer.  Metal  pow¬ 
ders  produced  by  IGA  are  highly  spherical,  and  therefore 
the  SYMPATEC  results  agree  reasonably  well  with  sieving 
results  for  the  powders  tested.  Based  on  a  scanning  electron 
microscope  (SEM)  analysis  of  the  powders  produced,  ap¬ 
proximately  95%  of  the  mass  is  represented  by  spherical 
particles.  Additionally,  it  must  be  noted  that  the 
SYMPATEC  particle  sizer  is  widely  accepted  by  the  con¬ 
sumers  of  metal  powders  as  a  reference  measurement  tech¬ 
nique.  In  general,  typical  mean  diameters  of  metal  powders, 
as  the  volume  median  Dvo.s,  are  accepted  by  customers 
only  if  this  measurement  technique  has  been  used. 

In  a  typical  SYMPATEC  setup,  the  powder  sample 
is  passed  through  the  probe  volume  by  a  quasi  two- 
dimensional  gas  flow.  The  probe  volume  has  a  diameter  of 
approximately  2  cm.  The  setup  is  chosen  to  allow  for  the 
analysis  of  the  powders  with  minimized  effects  of  multiple 
scattering  of  the  incident  laser  light  (Vielhaber  1989). 


Fig.  1:  Experimental  setup  for  the  off-line  characteriza¬ 
tion  of  metal  powders  by  PDA 

It  is  evident  that  PDA  results  comparable  to  the 
SYMPATEC  data  can  only  be  obtained  if  a  representative 
fraction  of  the  powder  passes  the  small  probe  volume  of  the 
PDA.  Here  it  must  be  kept  in  mind  that  the  PDA  measures 
a  temporal  mean  size  (flux  weighting),  while  the  Fraun¬ 
hofer  diffraction  result  is  a  spatial  mean  (concentration 
weighting).  Good  results  were  achieved  by  simply  feeding 
the  powder  to  the  PDA  probe  volume  in  a  stream  driven  by 
gravitation  (Fig.  1).  The  distance  between  the  tip  of  the 
feeding  device  and  the  probe  volume  location  was  kept 
very  short  in  order  to  prevent  aerodynamic  separation  of 
the  powders  and  size  dependence  of  the  measured  veloci¬ 
ties.  It  was  found  that  10000  single  particle  measurements 
were  necessary  to  ensure  statistical  stability  of  the  meas¬ 
ured  mean  values. 

In  Figs.  2  and  3  the  measurement  results  obtained 
from  the  two  techniques  for  a  sieving  fraction  of  copper 
pow'der  and  iron-nickel  alloy  powder  of  nominally  the  same 


Fig.  2:  Off-line  characterization  of  copper  powder,  siev¬ 
ing  fraction  32  -  63  pm:  comparison  of  PDA  and 
SYMPATEC  results 
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Fig.  3:  Off-line  characterization  of  iron-nickel  alloy  pow¬ 
der,  sieving  fraction  32  -  63  pm:  comparison  of 
PDA  and  SYMPATEC  results 


sizes  are  presented.  In  general,  the  results  obtained  with  the 
two  techniques  agree  quite  well.  In  the  case  of  the  copper 
powder  (Fig.  2),  the  PDA  yields  the  same  shape  of  the  cu¬ 
mulative  distribution  as  the  SYMPATEC,  but  slightly 
shifted  towards  smaller  sizes.  For  the  FeNi  powder  (Fig.  3), 
however,  the  deviations  between  PDA  and  SYMPATEC 
increase  for  particle  sizes  above  50  pm.  This  difference 
may  be  due  to  slightly  inaccurate  sieving  and  differences  in 
the  surface  structure. 

According  to  Gobel  et  al.  (1997),  surface  irregu¬ 
larities  of  the  particles  lead  to  broadened  size  distributions 
in  PDA  measurements.  Hence  it  is  worth  examining  the 
surface  structure  of  the  powder  particles.  Examples  of  sur¬ 
face  structures  on  different  metal  particles  produced  by 
IGA  are  presented  in  Figs.  4  -  7.  In  Fig.  4  the  surface  of  a 
copper  powder  particle  with  a  diameter  of  36  pm  is  shown. 
Apparently,  the  surface  is  very  smooth.  In  general,  IGA 
atomized  copper  particles  of  any  diameter  show  practically 
no  irregularities  with  length  scales  larger  than  1/5000  of  the 
particle  size.  The  structures  visible  on  the  iron-nickel  parti- 


Fig.  4:  SEM  picture  of  a  copper  powder  particle  of  ap¬ 
proximately  36  pm  diameter 


Fig.  5:  SEM  picture  of  a  iron-nickel  alloy  powder  particle 
of  approximately  42  pm  diameter 


Fig.  6:  SEM  picture  of  a  copper-tin  alloy  powder  particle 
of  approximately  38  pm  diameter 


Fig.  7:  SEM  picture  of  a  tool  steel  powder  particle  of 
approximately  40  pm  diameter 

cle  are  clearly  larger  than  300  nm.  However,  these  distur¬ 
bances  are  smaller  than  the  wavelength  of  the  laser  light 
applied  for  the  PDA  measurements  (Table  1).  It  can  be 
assumed  that  such  surface  irregularities  of  the  particles 
have  no  effect  on  the  PDA  measurements. 

The  SEM  photographs  of  a  copper-tin  alloy  and  a 
tool  steel  powder  particle  in  Figs.  6  and  7  reveal  larger 
surface  irregularities  with  length  scales  clearly  greater  than 
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Fig.  8:  Comparison  of  mean  diameters  of  different  alloy 
and  pure  metal  powders:  Dvo.s  measured  by  PDA 
versus  Dvo.s  measured  by  S  YMPATEC 


the  incident  laser  light  wavelength.  However,  these  struc¬ 
tures  are  smaller  than  the  fringe  spacing  in  the  PDA  probe 
volume.  Owing  to  the  integration  effect  of  the  photodetec¬ 
tors  used  for  the  investigations,  no  systematic  influence  of 
the  surface  structures  on  the  measurement  results  was 
found. 

Figure  8  depicts  the  analysis  results  for  different 
sieving  fractions  of  the  four  powder  materials  correspond¬ 
ing  to  Figs.  4  -  7.  The  data  given  are  the  mean  diameters 
Dvo5  from  the  PDA  measurements  versus  Dvo.s  fr°m 
SYMPATEC  analysis.  The  double  dotted  line  represents 
the  exact  agreement  of  the  two  techniques.  The  results  for 
Dvo.s  calculated  from  the  PDA  measurements  compared 
with  the  SYMPATEC  results  for  all  four  powders  show  no 
systematic  effect  of  the  different  surface  structures  on  the 
PDA  measurements.  All  materials  show  a  linear  relation¬ 
ship  of  the  measurement  results. 

Although  the  surface  structures  of  the  powders 
seem  to  have  only  slight  influences  on  the  size  measure¬ 
ments,  the  detected  light  intensities  are,  in  fact,  affected  by 
these  structures.  In  Fig.  9  the  correlation  between  the  PDA 
measured  diameter  and  the  detected  signal  intensity  of  the 
copper  and  iron-nickel  powders  already  discussed  in  Figs. 
2  and  3  is  depicted.  The  curves  show  the  well-known  rela¬ 
tionship  between  particle  size  and  scattered  light  intensi¬ 
ties:  larger  particles  yield  higher  intensities.  The  fluctua¬ 
tions  of  the  detected  intensities  are  depicted  as  error  bars  on 
the  mean  values.  The  larger  fluctuations  in  the  light  inten¬ 
sities  from  the  FeNi  particles,  which  even  increase  with  the 
particle  size,  give  rise  to  the  assumption  that  this  kind  of 
powder  may  lead  to  slightly  larger  measurement  uncertain¬ 
ties  with  optical  techniques  than  the  copper  powder.  In  the 
present  case  this  leads  to  a  slight  underestimation  for  the 
coarse  particles. 


Fig.  9:  Correlation  between  PDA  measured  diameter  and 
intensity  of  the  signals  for  the  powders  of  copper 
and  iron-nickel  melts 


4  ON-LINE  CHARACTERIZATION 

The  on-line  characterization  of  the  IGA  process 
should  be  understood  as  an  investigation  of  the  fluid  dy¬ 
namics  of  the  metal  spray  inside  the  atomization  chamber. 
In  addition  to  on-line  measurements  in  the  melt  atomization 
process,  the  present  contribution  also  presents  results  of 
experiments  performed  in  a  model  flow  field  of  the  IGA. 
These  model  experiments  were  performed  in  order  to  ob¬ 
tain  information  about  the  correlation  between  locally 
measured  particle  sizes  and  velocities  with  the  overall 
powder  size  distribution. 

In  this  section,  both  liquid  melt  droplets  and  solidi¬ 
fied  particles  are  called  "particles",  basically  because  it  is 
impossible  to  distinguish  between  the  two  disperse  frac¬ 
tions  in  the  metal  spray. 

4.1  Laboratory  setup 

The  adaptation  of  the  PDA  to  the  IGA  system  was 
based  on  detailed  Mie  calculations  (Domnick  et  al.,  1996). 
In  addition  to  the  construction  of  windows  which  was  nec¬ 
essary  to  allow  optical  access  to  the  measurement  region  in 
the  spray  about  12  cm  below  the  atomizing  nozzle,  a  set  of 
baffles  was  introduced  into  the  atomizing  chamber. 

In  Fig.  10  the  PDA  system  is  shown  together  with 
the  cross-section  of  the  atomization  chamber  and  the  win¬ 
dows.  The  off-axis  angle  of  60°  was  chosen  since  it  is  also 
appropriate  for  melt  spray  experiments  with  liquefied  gases 
and  water,  where  extended  phase-Doppler  anemometry  has 
to  be  applied  (Domnick  et  al.  1995,  Raimann  et  al.  1997). 
In  Fig.  1 1  the  effect  of  the  baffles  is  explained  schemati¬ 
cally.  By  an  appropriate  layout  of  the  geometry  of  these 
baffles,  the  recirculation  of  small  powder  particles  was 
minimized.  It  was  found  that  the  application  of  such  baffles 
is  necessary  for  the  production  of  powders  with  a  Dvo.s  of 
less  than  20  pm.  In  the  production  of  coarser  powders,  the 
baffles  show  no  effect  on  the  measurement  results. 
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Fig.  10:  PDA  system  adapted  to  the  atomization  system 


Fig.  11:  Effect  of  the  baffle  adapted  to  the  atomization 
system 


4.2  On-line  measurements  in  melt  atomization 

On-line  PDA  measurements  were  performed  in  a 
melt  spray  facility  equipped  with  a  close-coupled  atomiza¬ 
tion  nozzle  as  drawn  schematically  in  Fig.  12.  The  melt  is 
fed  through  a  tube  surrounded  symmetrically  by  individual 
gas  nozzle  holes.  The  gas  pressure  ratio  between  the  gas 
ring  chamber  and  the  atomization  chamber  lies  beyond  the 
critical  pressure  ratio,  so  that  the  gas  jets  leave  the  gas  noz¬ 
zles  underexpanded. 

The  high-speed  gas  flow  outside  the  melt  tube 
causes  a  very  low  static  pressure  at  the  edges  of  the  tube. 
Owing  to  this  pressure  field,  the  melt  flows  as  a  thin  film 
from  the  center  towards  the  edge  of  the  melt  tube  tip,  where 
the  primary  atomization  occurs.  The  disintegration  process 
of  the  melt  at  the  edge  of  close-coupled  atomizers  was 
visualized  using  the  PCO  technique,  confirming  previous 
results  of  Anderson  et  al.  (1991),  Miller  et  al.  (1992),  and 
Kuntz  et  al.  (1995). 

The  PDA  measurements  at  a  location  of  12  cm  be¬ 
low  the  atomizer  exit  were  performed  in  a  number  of  ex¬ 
periments  under  constant  process  conditions.  These  ex¬ 
periments  with  a  typical  run  time  of  5  -  10  min  allowed 
complete  radial  profiles  in  the  spray  cone  to  be  measured. 


Fig.  12:  Close-coupled  atomizer  applied  to  IGA 


—  - » -  -  a)  MF  =  1 .87  kg/rrin;  p  =  30  bar;  d;  =  2.35  mm  Dvo .5  (SYlr/P)  =  46.6  pm 
-------  b)  MF=  1.39  kg/rrin;  p  =  30bar;  dj  =  2.30rrm  Dvo.s  (SYMP)  =  44.4  pm 

-  -A-  -  c)  MF  =  0.92  kg/rrin;  p  =  36  bar;  d;  =  1.95  mm  tV0.5  (SYIVF)  =  32.0  pm 

Fig.  13:  Particle  mean  diameter  profiles  in  the  spray  at  a 
distance  of  12  cm  from  the  nozzle  (legend  also  for 


Fig.  14:  Axial  particle  velocity  profiles  in  the  spray.  Error 
bars  represent  the  RMS  velocities  (legend  see  Fig. 
13) 


In  Figs.  13  and  14,  results  of  three  experiments  are 
depicted  as  radial  profiles  of  the  volume  median  Dvo.5  and 
the  mean  axial  particle  velocity.  Comparing  cases  a)  and  b), 
it  is  remarkable  that  experiments  under  nominally  identical 
test  conditions  result  in  different  melt  flow  rates  MF,  but  in 
similar  DVo.s  values,  as  determined  by  means  of  the 
SYMPATEC  technique.  The  radial  profiles  of  DVo,5  from 
the  PDA  measurements  correspond  to  the  global  DVo.5 
measured  by  SYMPATEC.  The  application  of  a  smaller 
melt  outlet  tube  and  a  higher  gas  pressure  (experiment  c)) 
results  in  a  finer  powder.  Owing  to  the  high  drop  concen- 
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Fig.  15:  Mass  flow  rate  measured  with  PDA  versus  refer¬ 
ence  mass  flow  rate 

tration  in  the  spray,  many  fine  particles  are  not  detected  by 
the  PDA,  which  leads  to  too  high  Dvo.5  as  compared  with 
the  SYMPATEC  result.  The  measured  velocity,  however, 
corresponds  to  the  gas  pressures  applied  (Fig.  14).  The 
importance  of  this  result  will  be  shown  in  the  next  section. 

Using  these  measurement  results,  the  mass  flow 
rate  of  the  melt  was  calculated.  In  Fig.  15  the  melt  flow  rate 
computed  from  the  PDA  measurement  data  is  plotted  ver- 


Fig.  16:  Particle  mean  diameter  measured  by  PDA  as  a 
function  of  process  time  at  different  gas  pressures 
during  an  IGA  process 


Fig.  17:  Particle  mean  velocity  measured  by  PDA  as  a 
function  of  process  time  at  different  gas  pressures 
during  an  IGA  process 


sus  the  melt  flow  rate  determined  after  the  experiment  by 
dividing  the  mass  of  the  powder  obtained  by  the  process 
run  time.  The  results  show  that  the  PDA  results  overesti¬ 
mate  the  flow  rate.  This  may  be  caused  by  the  fact  that  the 
PDA  overestimates  the  mean  diameter  used  for  the  flow 
rate  calculation. 

Finally,  experiments  with  variations  of  the  domi¬ 
nant  process  parameters  were  performed.  It  was  found  that 
changes  in  the  melt  temperature  in  the  relevant  range  be¬ 
tween  100  and  300  K  melt  superheat,  which  are  believed  to 
affect  the  fluid  parameters,  seem  to  be  irrelevant  for  the 
atomization  process.  From  stepwise  gas  pressure  variations, 
a  much  stronger  effect  was  obtained.  In  Figs.  16  and  17,  the 
volume  median  Dvo.s  and  the  axial  mean  and  RMS  veloci¬ 
ties  measured  by  PDA  during  such  an  experiment  are 
shown.  RMS  velocities  are  represented  by  error  bars.  The 
mean  particle  size  shows  a  tendency  to  decrease  with  in¬ 
creasing  gas  pressure,  whereas  the  mean  particle  velocity 
increases,  as  expected. 

4.3  Model  Experiments 

It  was  indicated  above  that  the  velocity  of  the  parti¬ 
cles  measured  at  a  given  location  in  the  spray  is  correlated 
with  the  atomization  process  itself.  However,  both  the  re¬ 
sults  of  the  off-line  characterization  by  PDA  and  the  on¬ 
line  measurements  during  the  powder  production  process 
revealed  certain  differences  between  the  local  PDA  particle 
size  measurements  and  the  results  of  the  reference  meas¬ 
urements.  It  is  therefore  obviously  useful  to  incorporate 
additional  particle  information  to  improve  the  on-line 
analysis  by  PDA.  Useful  information  for  this  purpose  is  the 
particle  velocity. 

In  order  to  establish  the  use  of  the  particle  velocity, 
model  experiments  were  performed,  combining  the  tech¬ 
nique  of  off-line  PDA  characterization  (Fig.  1)  with  the  on¬ 
line  measurement  in  the  flow  field  of  the  atomizing  nozzle 
in  the  chamber.  Powders  of  well-defined  mean  particle 
diameters  and  size  distributions  were  fed  through  the  melt 
feeding  tube  of  the  atomizer  and  entrained  into  the  gas 
flow. 


Fig.  18:  Correlation  between  local  PDA  measurement  of 
size  and  velocity  and  global  powder  size  measured 
by  the  SYMPATEC  system 
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The  PDA  measurements  in  this  two-phase  flow 
field  were  performed  at  a  position  12  cm  below  the  nozzle 
at  an  arbitrary  radial  distance  of  4  mm.  The  gas  pressure 
applied  varied  between  0  bar  (free  falling  powder  particles) 
and  40  bar,  resulting  in  particle  velocities  around  200  m/s. 
The  correlation  of  the  arithmetic  mean  diameter  and  the 
mean  particle  velocities  measured  by  PDA  and  the  mean 
diameter  of  the  inserted  powder  fraction  measured  with  the 
SYMPATEC  system  is  shown  in  Fig.  18.  The  relationship 
between  the  three  variables  can  be  approximated  by 


D 


V0.5.  SYMPA 


=  C0exp 


D10.PDA  -(C.Upda  +C2) 
C3  UPDA  +  C4 


(1). 


The  empirical  constants  in  this  equation  are  listed 
in  Table  3. 

Tab.  3:  Constants  of  eq.  (1) 


constant 

value 

dimension 

Co 

1 

jim 

c, 

-0.275 

pm/(m/s) 

C2 

1.3565 

C3 

0.0965 

pm/(m/s) 

C4 

8.1428 

jim 

4.4  Global  characterization  of  the  spray  by  a  single 
PDA  measurement 


Using  this  correlation,  the  local  on-line  PDA  meas¬ 
ured  mean  particle  sizes  may  be  related  to  the  global  mean 
powder  size  measured  by  the  SYMPATEC  system.  In  Fig. 
19,  the  volume  medians  Dyo.s  calculated  by  means  of  Eq. 
(1)  from  the  PDA  data  are  plotted  versus  the  off-line  char¬ 
acterization  results  (Dvo.5  SYMPATEC).  The  open  symbols 
represent  the  "raw"  PDA  measurement  data  and  the  filled 


Fig.  19:  Characterization  of  the  IGA  sprays  (copper,  cop¬ 
per-tin  and  silver  melts) 


symbols  represent  the  values  calculated  from  Eq.  (1).  In 
general,  the  agreement  is  satisfactory  and  indicates  that  the 
local  PDA  measurement  can  characterize  the  global  powder 
size  with  an  uncertainty  of  only  ±10%  in  most  of  the  ex¬ 
periments.  It  should  be  noted  that  Fig.  19  includes  meas¬ 
urements  with  melt  tube  diameters  between  1 .9  and  4  mm 
and  gas  pressures  between  25  and  70  bar. 

5  CHARACTERIZATION  OF  THE 

ATOMIZATION  PROCESS  BY  LDA 
MEASUREMENTS 

It  was  shown  above  that  the  velocity  of  the  particles 
in  the  spray  is  an  important  parameter  for  the  spray  char¬ 
acterization.  As  an  alternative  to  the  method  described  in 
Sections  4.3  and  4.4,  the  pure  velocity  information  of  the 
particles  at  a  given  distance  from  the  nozzle  can  be  used  for 
the  characterization  of  the  overall  mean  particle  size  of  the 
spray  in  IGA.  This  method  is  based  on  the  aerodynamic 
behavior  of  the  powder  particles  in  the  gas  flow  field. 

In  Fig.  20  the  axial  velocity  of  the  particles  pro¬ 
duced  by  IGA  processes  is  plotted  versus  the  particle  di¬ 
ameter  of  the  produced  powders  determined  off-line.  The 
diagram  represents  results  for  different  inner  diameters  of 
the  melt  tube,  but  constant  outer  diameter  of  the  tube  and 
constant  geometry  of  the  gas  nozzles.  At  inner  diameters  of 
the  melt  tube  of  2.3  mm  or  less,  it  was  found  that  a  unique 
correlation  between  the  locally  measured  velocity  of  the 
particles  and  the  mean  particle  diameter  Dyo.5  measured  by 
SYMPATEC  exists.  Basically,  the  mean  velocity  decreases 
with  increasing  mean  diameter,  as  already  shown  above.  At 
melt  tube  inner  diameters  of  more  than  2.3  mm  the  situa¬ 
tion  changes  completely,  probably  due  to  a  change  in  the 
pressure  field  at  the  melt  tube  outlet.  For  these  tubes,  no 
useful  correlation  was  found. 

Using  the  correlation  between  velocity  and  global 
mean  particle  size  of  the  powder  shown  in  Fig.  20,  the  pre¬ 
diction  of  the  powder  obtained  is  possible  by  calibrating 
the  correlation  function  with  on-line  LDA  measurements  in 
a  set  of  calibration  processes.  With  this  calibration,  predic¬ 
tion  of  the  mean  diameter  of  the  powder  production  is  pos¬ 
sible  within  ±10%  agreement  (Fig.  21),  using  a  single  com- 
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Fig.  20  Correlation  between  measured  droplet  velocity  in 
the  spray  and  the  IGA  powder  mean  sizes  meas¬ 
ured  by  SYMPATEC  (Copper  melts) 
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Fig.  21:  LDA  characterization  of  the  IGA  sprays  (copper 
melts) 


ponent  LDA  system. 

6  SUMMARY  AND  OUTLOOK 

A  deeper  understanding  of  the  IGA  process  of 
molten  metals  was  obtained  through  detailed  off-line  and 
on-line  particle  size  and  velocity  measurements  using  the 
PDA  technique.  A  correlation  between  the  results  of  local 
PDA  measurements  and  off-line  particle  size  measurements 
characterizing  the  entire  powder  yield  was  found  for  a  spe¬ 
cific  atomizer  geometry.  Thus  the  characterization  of  the 
whole  spray  by  a  single  PDA  measurement  is  possible  with 
an  uncertainty  of  +10%  in  the  volume  median  particle  di¬ 
ameter.  In  addition,  it  could  be  shown  that,  for  well  defined 
conditions,  a  single  LDA  measurement  can  be  sufficient  to 
characterize  the  whole  spray  with  the  same  degree  of  un¬ 
certainty.  This  method  is  based  on  a  sufficient  stability  of 
the  two-phase  flowfield  in  the  atomization  chamber. 

In  the  future,  detailed  optimization  tests  of  the 
close-coupled  nozzles  applied  in  IGA  must  be  performed. 
This  optimization  must  be  based  on  detailed  investigations 
of  the  (gas)  flow  field  near  the  nozzle  with  experimental 
and  numerical  methods.  Furthermore  it  is  necessary  to  de¬ 
velop  a  technique  for  measuring  the  melt  flow  rate  on-line. 
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ABSTRACT 

Water  droplets  impinging  onto  a  cylindrical  fin  was 
investigated.  Experimental  investigations  and  analysis 
were  performed  to  determine  the  mechanisms  causing 
transition  to  critical  heat  flux  (CHF).  The  diameter 
and  velocity  of  impacting  and  rebounding  droplets 
were  measured  to  investigate  their  effect  to  the 
critical  heat  flux.  The  number  of  rebounding  droplets 
(secondary  sprays)  by  the  impact  angle,  droplet 
velocity  and  diameter,  surface  tension  of  working 
fluid,  and  surface  temperature  of  the  substrate  were 
studied  in  detail  by  using  phase-Doppler  anemometry 
(PDA)  which  indicate  the  that  the  CHF  is  caused  in 
rebounding  droplets  from  the  heated  surface.  By 
optimizing  the  droplet  velocity,  size  and  mass  flux,  as 
well  as  the  surface  property  of  the  cylinder,  the 
rebounding  droplets  may  be  reduced.  Hence,  the 
critical  heat  flux  of  the  cylindrical  surface  by  spray 
impingement  can  be  improved. 

INTRODUCTION 

Because  of  recent  emphasis  on  removing  high 
dissipated  heat  1.0  x  107  W/m2  (Sehmbey  et  al.  1995) 
from  electronic  devices,  spray  cooling  has  become  a 
subject  of  intense  interest  as  an  effective  cooling 
technique.  The  heat  transfer  process  of  spray  cooling 
is  complex  because  it  involves  the  dynamics  of 
droplet  deformation,  heat  transfer  and  phase  change 
of  such  droplets.  For  the  case  of  droplets  impacting 
on  a  hot  surface  the  heat  transfer  process  involves 
transient  boiling  heat  transfer  together  with  the 
complex  droplet  dynamics.  The  interaction  between 
droplets  in  a  spray  during  the  impacting  process  has 
further  complicated  the  heat  transfer  mechanisms. 


Yao  and  Choi  (1987)  developed  a  monodispersed 
spray  generator  which  allowed  the  liquid  mass  flux, 
droplet  size  and  droplet  velocity  of  the  spray  to  vary 
independently.  The  progress  in  understanding  the 
dynamics  of  droplets  has  relied  on  experimental 
investigation  due  to  the  complexity  of  impact  spray 
cooling  process.  It  is  only  recently  that  much 
advances  have  been  achieved  when  the  phase- 
Doppler  anemometry  (PDA)  becomes  available. 
Durst  and  Zare  (1975)  first  introduced  phase-Doppler 
anemometry  (PDA)  for  particle  sizing.  In  the  past 
few  years,  various  developments  have  been 
introduced  for  improving  the  performance  and 
extending  the  functional  capabilities  of  PDA.  The 
experimental  studies  of  Tilton  and  Chow  (1987), 
Sommerfeld  and  Qiu  (1992),  Lee  et  al.  (1994)  and 
Sehmbey  et  al.  (1995)  have  provided  the  droplet 
velocity  and  size  information  by  using  laser  phase- 
Doppler  anemometry  in  spray  evaporation  and 
impact.  Through  these  investigations,  preliminary 
understanding  of  the  heat  transfer  of  spray  cooling 
has  been  achieved.  Although  these  studies  provided 
some  information  on  impacting  spray  heat  transfer, 
the  results  could  not  be  generalized  and,  sometimes, 
contradictory  trends  were  observed.  This  is  due  to 
the  complexity  of  spray  cooling  process  and  the  lack 
of  detailed  information  such  as  the  rebounding  spray 
characteristics  and  film  thickness.  The  heat  removal 
capability  of  the  spray  can  be  estimated  from  the  total 
latent  and  sensible  heat  contents  (Tilton  and  Chow 
1990).  In  their  experiments,  the  sensible  heat 
removal  capability  was  estimated  by  using  the 
arbitrary  assumption  that  all  of  the  liquid  expelled 
(rebounding  droplets)  is  raised  fifty  percent  of  the 
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way  to  the  saturation  temperature,  therefore,  the 
effect  of  the  temperature  of  incoming  and  outgoing 
droplets  was  not  studied.  It  was  found  that  the  mass 
flux  of  rebounding  droplets  could  reach  to  70%  of  the 
total  impinging  mass  flux.  Furthermore,  as  a  full 
cone  spray  nozzle  usually  has  a  Gaussian  mass  flux 
distribution  in  the  downstream  of  the  spray,  the  group 
model  should  take  the  local  droplet  mass  flux  into 
account.  Unfortunately,  this  was  not  be  paid  attention 
at  previous  studies.  At  the  present  time,  spray 
cooling  is  not  a  well  understood  process.  To  the 
authors  knowledge,  no  study  on  the  effect  of 
rebounding  droplets  on  a  cylindrical  surface  due  to 
the  surface  temperature  and  heat  flux  has  been 
conducted.  For  a  better  understanding  of  the  spray 
characteristics  to  optimize  the  heat  transfer  process  in 
spray  impact  cooling,  accurate  measurements  of 
droplet  velocity,  size,  temperature,  mass  flux  and  film 
thickness  under  realistic  flow  conditions  are 
necessary.  In  this  paper,  a  nozzle  impinging  water 
droplets  onto  a  cylindrical  fin  was  described.  The 
size  and  velocity  of  impacting  and  rebounding 
droplets  will  be  measured  by  using  PDA  to 
investigate  mechanism  of  spray  cooling. 


EXPERIMENTAL  DESCRIPTION: 


Experimentation  was  conducted  to  understand  the 
spray  cooling  process  and  identify  the  important 
governing  factors.  Figure  1  shows  the  schematic 
diagram  of  the  PDA  measurement  facilities.  The  PDA 
system  is  mounted  on  a  XYZ  moving  table  so  that  the 
measurement  volume  can  be  moved  along  different 
direction  in  spray.  The  measurement  distance 
between  the  cylinder  surface  and  the  measurement 
volume  is  2mm. 


Fig.  I :  Measurement  Facilities 


The  effect  of  rebounding  droplets  (secondary  sprays) 
by  the  impact  angle,  droplet  velocity  and  size,  and 
surface  temperature  were  studied  experimentally  by 


using  a  Dantec/Invent  PDE  system.  The  optical 
parameters  of  the  PDA  system  are  shown  in  table  1. 


Table  1:  Optical  parameter  of  the  PDA  system 


wavelength 

632.80  nm 

beam  diameter 

1.10  mm 

beam  spacing 

20.07  mm 

transmitting  lens 

400.00  mm 

receiving  lens 

400.00  mm 

detector  spacing 

40.00  mm 

scattering  angle 

30° 

refractive  index  cont.  phase 

1.00 

refractive  index  particle 

1.33 

shift  frequency 

2.00MHz 

The  evaporative  cooling  test  apparatus  is  shown  in 
Figure  2.  For  both  test  cases,  the  heated  surfaces  were 
horizontally  placed  solid  copper  cylinders  with  10mm 
and  7mm  in  diameter,  and  35mm  in  length 
respectively.  A  143-Watt  heater  ring  and  a  1000-Watt 
cartridge  heater  were  inserted  into  the  heat  blocks  as 
shown  in  Fig  a)  and  b).  The  heaters  was  controlled  by 
a  PID  controller  so  that  a  variable  power  input  may 
be  obtained.  It  maintained  the  temperature  at  some 
preset  value  by  regulating  the  power  to  the  cartridge 
heater.  The  power  of  the  heater  and  the  temperature 
reading  were  displayed  from  the  meter  in  the 
controller.  The  temperature  reading  of  the  other  five 
positions  was  recorded  continuously  by  the  data 
acquisition  system  at  the  rate  equal  to  0.5s.  The  data 
was  then  stored  in  the  PC.  To  get  higher  thermal 
conductivity  of  the  heat  block,  copper  is  used  as  the 
substrate.  When  the  cylinder  reach  critical  heat  flux, 
cool  water  was  allowed  to  pass  through  the  pipe 
surrounding  the  cylinder  so  as  to  protect  the 
component  inside  the  cartridge  heater.  A  level  spirit 
was  used  to  make  sure  that  the  cylinder  align  in 
horizontal  position  and  the  cylinder  is  supported  by 
an  aluminum  frame.  For  the  both  cases,  there  3 
thermocouples  were  embedded  under  the  top  surface 
of  the  cylinders  for  the  measurements  of  the  surface 
temperature  of  the  cylinders.  For  case  2,  additional 
three  thermocouples  were  mounted  at  the  heat  supply 
side  of  the  cylinder  center  so  that  the  total  heat  flux 
removed  by  the  spray  can  be  calculated  from  the 
temperature  gradients  of  the  materials. 

The  spray  generating  system  consisted  of  a 
pressurized  water  tank  and  a  spray  nozzle.  The  tank 
outlet  was  connected  to  the  nozzle  and  the  inlets  to 
the  compressed  air  which  had  a  maximum  supply 
pressure  of  6  bar.  To  simulate  the  actual  cooling 
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environment,  a  full-cone  nozzle  made  of  stainless 
steel  with  orifice  diameter  equal  to  0.51mm  was  used. 
The  supply  pressure  was  adjusted  to  3bar  to  achieve  a 
mass  flow  rate  of  0.22  1/min.  The  center  of  spray  was 
coincidentally  aligned  with  the  center  of  the  hot 
cylindrical  surface. 


Before  starting  the  measurements,  the  PDA  system 
was  calibrated  by  the  TSI  monodispersed  droplet 
generator.  The  test  surface  was  polished  by  “Brasso” 
solution  and  then  rinsed  with  distilled  water  to 
remove  any  oxide  formed  on  the  surface,  which  may 
affect  the  behavior  of  the  rebounding  droplets. 
Distilled  water  was  used  as  cooling  liquid  throughout 
the  experiments.  The  distances  between  the  spray 
nozzle  and  the  surface  were  40mm  and  60mm  for 
cases  1  and  2  respectively.  The  cone  angle  of  spray  is 
about  53.67°  for  both  cases.  After  the  setup  was 
aligned  properly,  the  droplet  size  and  velocity  of  both 
the  impinging  droplet  and  rebounding  droplet  was 
measured.  Experiments  started  at  room  temperature 
and  the  surface  temperature  increased  step  by  step 
until  the  critical  heat  flux  was  reached.  The 
temperature  reading  was  recorded  by  a  PC  computer 
and  the  heat  transfer  characteristics  were  obtained. 
By  controlling  the  XYZ  table,  the  position  of 
measurement  volume  was  relocated  from  one  to 
another.  Measurements  of  droplet  size,  velocity, 
surface  temperature  and  heat  flux  were  performed 
simultaneously  and  conducted  for  different  positions 
until  rebounding  droplets  at  all  the  3  positions  (y=5, 
10,  15mm)  were  obtained. 


RESULTS  AND  DISCUSSION: 

Test  Case  1: 

Figures  3-4  presents  experimental  results  obtained  by 
the  measurements  of  test  case  1.  It  is  observed  that 
with  heating  of  the  cylinder,  the  mean  droplet 
diameters  show  an  asymmetric  distribution  along  the 
cylinder  axis  (see  Fig.  3)  while  the  original  impacting 
droplets  are  symmetrically  distributed  along  to  the 
cylinder  axis. 


O  —  Without  heating 
□  —  With  143-Watt  heating 


Position  Y  (mm) 


Fig.  3:  Overall  droplet  mean  diameter  distribution 
with  and  without  heating  (Case  1) 

This  phenomena  may  be  explained  that  the  measured 
mean  droplet  diameter  is  an  overall  average  of 
impinging  and  rebounding  droplets.  Although  the 
distribution  of  droplet  diameters  was  shifted  towards 
to  the  heater  size,  the  velocity  distribution  was  only 
slightly  changed.  This  explanation  was  conformed  by 
separating  the  positive  and  negative  velocities  for 
each  particle  in  test  case  2.  Another  interesting 
phenomena  was  found  by  comparing  the  size  of 
droplets  with  heating  and  without  heating  of  the 
cylinder.  The  overall  mean  diameter  of  droplets 
measured  without  heating  is  smaller  than  that  with 
heating  which  seems  to  be  conflict  with  the  expected 
phenomena.  Because  the  rebounding  droplets  are 
generated  from  the  breakup  of  impinging  droplets  on 
the  hot  surface,  the  rebounding  droplets  were 
expected  smaller  the  impinging  droplets.  There  are 
three  possibilities  that  can  be  drawn  from  this 
measurements.  The  first  one  is  some  kind  of  droplet 
collision  occurred  at  the  heated  surface  and  the 
surface  temperature  enhanced  this  kind  of  collision. 
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The  second  possibility  is  the  small  droplets 
evaporated  faster  than  the  large  droplets  and 
therefore,  only  the  large  droplets  will  be  rebounded 
from  the  hot  surface.  The  third  possibility  could  be 
some  condensation  of  the  evaporated  vapor  happened 
on  the  impinging  droplets.  If  the  third  phenomena  is 
true,  it  could  be  much  easier  to  observe  it  when  the 
surface  temperature  is  at  higher  condition.  However, 
the  ring  heater  selected  (143-Watt)  could  not  supply 
sufficient  power  to  the  heated  cylinder  and  therefore, 
a  larger  power  (1000- Watt)  cartridge  heater  was  then 
used  to  further  investigate  the  effect  in  the  test  case  2. 


O  —  Without  heating 
□  ...  with  143-Watt  heating 


Fig.  4:  Overall  droplet  mean  velocity  with  and 
without  heating  (Case  1) 


Test  Case  2: 

The  test  apparatus  has  been  shown  in  Fig.  2b. 
Because  a  droplet  with  negative  velocity  can  be 
considered  as  a  rebounding  droplet,  the  impinging 
and  rebounding  droplets  can  be  separated  by  the 
measured  velocities.  To  compare  the  influence  of  the 
surface  temperature,  the  results  for  velocity  and 
diameter,  as  well  as  the  rebounding  droplets,  under 
the  surface  temperatures  T=22°C  (unheated)  and 
T=100°C  are  shown  in  Figs.  5  to  8. 

Mean  velocity  of  the  rebounding  droplets 

Figs.  5  to  8  show  similar  correlation  for  both  the 
impinging  and  rebounding  droplets.  No  significant 
difference  between  the  droplet  velocities  and  the 


♦  impinge  droplet  ( T=22C  ) 

A  rebounding  droplet  ( T=22C  ) 
—•—Impinge  droplets  (T  =100C) 

— X—  Rebounding  droplets  ( T=100C ) 


Position  y  (mm) 


Fig.  5:  Comparison  of  the  velocities  of  impinging  and 
rebounding  droplets  at  (i):  unheated  cylinder  (T  = 
22°C),  (ii):  mean  surface  temperature  =100  °C 


-♦—velocity  of  impinging  droplets 
-■-velocity  of  rebounding  droplets 


-3 


Reference  temperature  ( °C  ) 

Fig.  6:  Velocities  of  droplets  via  surface  temperature, 
at  the  edge  of  the  spray  (y=5mm) 


■Velocity  of  impinging  droplets 
■  Velocity  of  rebounding  droplets 


Fig.  7:  Velocity  of  droplets  on  different  surface 
temperature,  at  the  middle  part  of  the  exposed  fin 
(y=10mm) 


surface  temperatures  for  impinging  and  rebounding 
droplets  was  found.  The  droplet  velocities  also  only 
increase  slightly  after  the  critical  heat  flux.  This 
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seems  contradictory  to  our  expectation  that  the 
droplets  should  gain  more  kinetic  energy  away  from 
the  surface  when  the  surface  temperature  increases 
and  so  increases  the  rebounding  velocity. 


Reference  temperature  ( °C ) 

Fig.  8:  Velocity  of  droplets  on  different  surface 
temperature,  at  the  center  of  the  spray  (y=15mm) 


There  are  two  possible  reasons.  When  water  droplets 
impinge  on  the  surface,  they  form  a  thin  water  film  on 
the  surface.  The  followed  droplets  will  impact  on  the 
water  film  rather  than  directly  impact  on  the  hot 
substrate.  Especially,  before  reaching  the  critical 
state,  the  water  film  remains  and  droplets  can  only 
rebound  from  the  water  film.  Since  water  is  a  poor 
conductor,  the  surface  temperature  of  water  film  does 
not  change  much  with  the  substrate  temperature.  As  a 
result,  droplets  can  only  impinge  upon  the  water  film 
which  has  nearly  constant  surface  temperature  despite 
a  large  increase  in  surface  temperature.  Therefore,  it 
seems  that  droplet  velocity  does  not  show  any 
obvious  change  as  the  surface  temperature  increases. 

Another  possibility  is  the  droplets  rebound  once  they 
gain  enough  kinetic  energy.  They  will  not  stay  longer 
to  absorb  more  heat  even  if  the  surface  reach  critical 
heat  flux,  at  which  direct  contact  between  droplet  and 
copper  surface  is  possible.  That  means  droplets 
rebound  from  the  surface  just  when  their  rebounding 
velocity  is  large  enough  to  overcome  the  gravitational 
force  and  the  surface  tension  of  water,  as  kinetic 
energy  is  a  function  of  mass  and  velocity.  This  is  why 
the  velocity  increase  only  slightly  after  critical  heat 
flux. 


Critical  heat  flux 


Fig.  9  shows  the  correlation  between  the  heat  flux  and 
the  reference  temperature.  The  reference  temperature 
was  measured  at  the  center  of  the  fin  which  is 
proportional  to  the  surface  temperature.  The 
temperature  recording  began  when  it  reached  to  50  C. 
The  results  showed  that  the  temperature  range  at 
which  critical  heat  flux  occurs  is  more  narrow  than 
that  of  spray  cooling  on  a  flat  surface.  This  is  because 
the  curvature  of  the  fin  affects  the  impact  angle  of  the 
droplets  which  has  shown  a  great  effect  to  the  critical 
heat  flux  in  the  following  experiments  which  was  not 
be  paid  attention  in  the  previous  research.  Flooding 
was  not  so  serious  on  a  fin  and  only  a  thin  layer  of 
water  film  formed  on  the  surface.  When  the  surface 
temperature  reaches  to  the  critical  value,  very  little 
increase  in  surface  temperature  can  cause  the  rapid 
reduction  of  the  wettability  of  the  hot  surface  and, 
consequently,  result  in  completely  drying  the  water 
film. 


Fig.  9:  Heat  transfer  characteristics  of  a  copper 
cylinder,  reference  temperature  was  taken  at  the 
middle  of  the  fin 

In  Fig.  9,  it  is  shown  that  there  was  no  obvious 
change  until  the  substrate  is  heated  to  about  1 10  C. 
When  the  surface  exceeded  110°  C,  the  film  became 
much  thinner  and  then  completely  dried  out.  After 
the  water  film  dried  out,  the  surface  temperature 
increased  abruptly.  In  this  case,  the  droplet  will  be 
rebounded  directly  from  the  hot  substrate  and  by  the 
splashing,  transient  nucleation  boiling  and  expelling. 

Mean  diameter  of  the  rebounding  droplets 

The  rebounding  droplets  were  measured  at  different 
surface  temperatures  as  shown  from  Figs.  10  to  13.  In 
Fig.  10,  the  droplet  diameter  increased  slightly  for  the 
most  of  impacting  angles.  However,  it  fluctuated 
around  the  position  y=10mm  before  reaching  the 
critical  heat  flux.  Therefore,  there  should  be  some 
kind  correlation  between  the  impacting  angle  and  the 
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diameter  of  rebounding  droplets  remained  which 
should  be  further  investigated.  As  the  surface 
temperature  of  the  substrate  increases,  more  heat 
transfer  to  the  droplets,  so  the  average  temperature  of 
the  droplets  increases  and  so  the  surface  tension  and 
viscosity  of  the  droplets  decreases.  Hence,  the 
droplets  can  evaporate  more  quickly  or  less  impacting 
force  required  to  break  the  film  and  the  droplets.  As 
described  previously,  before  reaching  the  critical  heat 
flux,  the  copper  surface  was  covered  by  a  water  film 
and  most  of  the  droplets  can  only  rebound  from  it. 


—♦—Impinge  droplet  (T=22C ) 

—A— Rebounding  droplet  ( T=22C ) 
—•—Impinge  droplets  (T=100C) 

— x—  Rebounding  droplets  (T=100C) 


1 — ~  i 

0  10  20 


Position  y  (mm) 

Fig.  10:  Diameter  of  impinging  droplets  and 
rebounding  droplets  at  (i):  unheated  cylinder,  (ii): 
mean  surface  temperature  =100  °C 


The  water  film  has  low  conductivity  and  little  heat 
transfers  to  the  droplets  before  it  rebounds.  This 
means  that  the  temperature  and  surface  tension  of  the 
rebounding  droplets  remain  more  or  less  the  same 
despite  the  large  increase  in  surface  temperature. 

The  correlation  between  the  surface  temperatures  and 
the  droplet  diameters  are  shown  in  Figs.  11-13  for 
positions  5,  10,  15  mm  on  the  the  top  surfaces.  For  all 
cases,  the  diameters  of  droplets  decrease  significantly 
after  reaching  the  critical  heat  flux  (Tc  is  about  110 
°C).  The  reason  is  that  after  reaching  critical  heat 
flux,  water  film  evaporate  quickly  from  the  surface. 
Now  the  impinging  droplet  impact  directly  on  the  hot 
copper  surface  some  of  the  mass  may  be  evaporated 
before  rebounding  from  the  surface.  Since  water  film 
is  no  longer  an  obstacle  for  spray  evaporation,  heat 
flux  increase  abruptly  during  critical  heat  flux. 


-♦-diameters  of  impinging  droplets 
-■-diameters  of  rebounding  droplets 


0  50  100  150 

Surface  temperature  ( °C ) 


Fig.  11:  Diameter  of  droplets  on  different  surface 
temperature,  at  the  edge  of  the  spray  (y=5mm) 


—♦—Diameters  of  impinging  droplets 
— «—  Diameters  of  rebouding  droplets 
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Fig.  12:  Diameter  of  droplets  on  different  surface 
temperature,  at  the  middle  part  of  the  exposed  fin 
(y=10mm) 


—♦—diameter  of  impinging  droplets 
— «—  diameter  of  rebounding  droplets 


0  50  100  150 

Surface  temperature  ( °C ) 


Fig.  13:  Diameter  of  droplets  on  different  surface 
temperature,  at  the  center  of  the  spray  (y=15mm) 
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One  of  the  interesting  phenomena  was  found  when 
comparing  size  of  rebounding  droplets  at  different 
positions.  Near  the  center  of  spray  (  i.e.  at  y=15mm 
),  the  average  diameter  of  the  impinging  droplets  was 
smaller  than  the  diameter  of  the  rebounding  droplets 
(see  Fig.  10).  But  near  the  edge  of  spray  (  i.e.  at 
y=5mm),  the  diameter  of  the  impinge  droplets  was 
found  to  be  larger  than  the  diameter  of  rebounding 
droplets.  Since  the  droplets  near  the  edge  impacted 
with  a  large  contact  angle  while  the  droplets  near  the 
center  impacted  on  the  surface  perpendicularly,  the 
droplets  near  the  center  (y=15mm)  had  low 
rebounding  rate  than  that  of  the  droplets  near  the  edge 
of  spray  (y=5mm)  as  it  has  also  been  indicated  in  Fig. 
14. 

Because  small  droplets  have  relatively  lower  terminal 
velocity  and,  therefore,  lower  Weber’s  number  than 
that  of  large  droplets,  the  droplet  rebounding  rate  for 
small  droplets  should  be  less  than  that  for  large 
droplets  (See  also  Fig.  14).  Hence,  only  large  droplets 
can  be  rebounded  from  the  surface  and  measured  by 
PDA.  This  may  be  one  of  the  reasons  for  the  diameter 
of  the  rebounding  droplets  measured  larger  than  that 
of  the  impinging  droplets. 

But  the  situation  was  very  different  near  the  edge  of 
spray.  Near  the  edge  of  the  spray,  the  horizontal 
velocity  component  of  the  droplets  was  much  larger 
than  that  of  the  droplets  in  the  center  of  the  spray. 
This  horizontal  velocity  component  was  coming  from 
the  impact  angle  of  the  droplets.  The  smaller  droplets 
could  be  also  rebounded  from  the  surface  due  to  this 
horizontal  component.  A  larger  droplet  may  continue 
its  horizontal  motion  and  swept  away  by  the  water 
more  easily.  This  is  why  larger  droplet  is  more 
reluctant  to  rebound  at  the  periphery. 

Number  of  rebounding  droplets 

Refer  to  Figs.  13  to  figure  14,  the  number  of  droplets 
increases  slightly  with  increasing  temperature  before 
reaching  critical  heat  flux.  This  is  caused  by  the 
effect  of  water  film  as  explained  previously. 
However,  it  is  interesting  to  note  that  the  rate  of  the 
rebounding  droplets  at  the  location  of  y=10mm 
showed  the  largest  value  than  the  other  positions  (y=5 
and  15  mm).  This  suggested  that  there  exists  a  critical 
impacting  angle  where  the  rebounding  rate  reaches 
the  maximum.  In  this  study,  the  angle  is  in  the 
position  of  y=10mm  where  the  impacting  angle  is 
about  5  degree.  However,  due  to  lack  of  more 
detailed  data,  the  correlation  of  this  angle  with  the 


spray  characteristics  is  still  not  clear  and  should  be 
further  investigated  in  the  future. 

Fig.  14  also  proved  that  relatively  fewer  droplets  were 
able  to  be  rebounded  at  the  center  location.  However, 
when  the  temperature  reach  to  the  critical 
temperature,  the  rebounding  rates  for  all  of  three 
cases  increase  drastically.  This  phenomenon  can 
explain  why  the  heat  flux  drop  abruptly  after  reaching 
critical  heat  flux,  since  many  droplets  were  rebounded 
from  the  surface  and  much  less  latent  heat  was 
removed  through  the  evaporation  of  water  droplets. 
This  will  be  mainly  constraint  for  the  spray  cooling. 
To  improve  the  spray,  one  suggestion  is  to  develop 
the  spray  nozzle  so  that  the  droplets  can  impinging 
onto  the  hot  surface  perpendicularly. 

— Impinge  droplet  ( T=22C  ) 

— • —  Rebounding  droplet  ( T=22C  ) 
—•—Impinge  droplets  ( T=100C  ) 

—X—  Rebounding  droplets  ( T=1 00C  ) 


0  5  10  15  20 

Position  y  (  mm  ) 


Fig.  13:  Number  of  impinging  droplets  and 
rebounding  droplets  at  (i):  unheated  cylinder,  (ii): 
mean  surface  temperature  =100  °C 


Fig.  14:  Percentage  of  rebounding  droplets  via 
surface  temperature 
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CONCLUSION 


By  using  PDA  measurements,  it  was  found  that  the 
characteristics  of  rebounding  droplets  depend  not 
only  on  the  surface  temperature,  mass  and  velocity  of 
droplets,  but  also  on  the  impinging  angle.  Since  the 
heat  transfer  process  of  spray  cooling  is  complex, 
some  of  the  results  is  out  of  prediction.  Nevertheless, 
the  heat  transfer  characteristics  can  still  be  explained 
from  the  droplet  characteristics  detected.  Therefore, 
further  investigation  of  droplet  characteristics  is 
necessary  in  order  to  improve  critical  heat  flux  of 
cylindrical  surface  by  spray  impingement. 
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ABSTRACT 

Herein  we  report  an  experimental  study  on  the 
electrohydrodynamic  (EHD)  spraying  in  cone-jet  mode. 
The  effects  of  electric  field  strength,  surrounding 
ambient  fluid,  surface  tension  of  the  working  fluid, 
pressure  head  in  the  working  fluid  supply  line  and  the 
electrodes  configuration  of  the  apparatus  for  spraying 
were  investigated.  The  working  fluid,  ethanol  or  water, 
of  different  surface  tension  was  issued  out  into  the 
surrounding  fluid,  air  or  C02  gas,  by  using  a  needle- 
plate  apparatus  for  EHD  spraying.  The  formation  of  the 
cone-jet  at  the  needle  tip  was  monitored  by  using  a 
hypervideo  microscope.  The  droplet  size  and  velocity 
were  measured  by  using  a  Phase  Doppler  Particle 
Analyzer.  The  results  indicate  that  a  stable  cone  formed 
in  C02  gas  in  a  certain  range  of  the  applied  voltage  for 
either  ethanol  or  water,  while  it  takes  place  for  only 
ethanol  sprayed  in  air.  The  droplet  size  decreased  with 
increasing  applied  voltage  and  is  of  order  of  2-4 
microns  for  both  ethanol  and  water  when  produced  in 
stable  cone-jet  mode. 

1.  INTRODUCTION 

The  electrohydrodynamic  (EHD)  atomization  is 
a  process  of  producing  a  droplets  spray  by  imposing  a 
strong  electric  field  or  electric  charge  on  the  liquid. 
This  atomization  method  has  a  great  potential  in 
producing  droplets  of  small  size  and  provides 
additional  controlling  parameters  such  as  the  applied 
voltage  and  the  electric  charge  on  the  droplet.  The 
EHD  spraying  is  employed  in  a  number  of  technologies, 
among  which  are  ink-jet  printing,  crop  spraying,  paint 
spraying  and  surface  coating.  Despite  the  extensive 
practical  applications  of  the  method,  the  droplet 


formation  process  still  remains  elusive.  There  is  a 
number  of  modes  of  droplet  formation  depending  on 
the  electric  field  strength  and  its  configuration,  the 
physical  properties  of  the  working  fluid  and  its  ambient 
medium.  A  comprehensive  review  on  the  EHD 
spraying  modes  is  given  by  Cloupeau  and  Prunet-Foch 
(1994).  Among  those  modes,  the  EHD  spraying  in 
cone-jet  mode  is  one  of  the  most  important,  since  it  can 
produce  a  monodispersed  spray  of  very  fine  droplets  of 
micrometer  order.  However  the  conditions  for  the 
formation  of  a  steady  cone-jet  are  not  clarified.  This 
work  does  not  seek  to  answer  fundamental  questions 
about  the  mechanism  of  the  cone-jet  formation,  but 
rather  to  define  the  effects  of  electric  field  strength, 
ambient  fluid,  surface  tension  of  working  fluid  and 
hydrostatic  pressure  of  liquid  supply  line  on  the  cone- 
jet  formation.  In  the  present  experiments,  the 
characteristic  parameters  of  the  spray  such  as  the 
droplet  size  and  its  velocity  were  acquired  by  using  a 
Phase  Doppler  Particle  Analyzer  (PDPA).  Also,  the 
process  of  cone-jet  formation  at  the  capillary  tip  was 
monitored.  The  experimental  droplet  size  then  is 
compared  to  the  theoretical  one,  which  was  calculated 
based  on  our  theoretical  and  experimental  work  (1998). 

2.  DROPLET  FORMATION  IN  CONE-JET  MODE 

A  striking  feature  of  producing  droplet  spray  in 
cone-jet  mode  is  that  a  monodispersed  spray  of  very 
fine  droplets  of  some  microns  can  be  obtained.  In  the 
present  experiments,  the  liquid  is  gravitationally 
supplied  from  the  reservoir  to  the  needle  at  a  specific 
pressure  head.  In  the  absence  of  an  electric  field,  a 
pendant  meniscus  of  pear  shape  forms  at  the  needle  tip. 
The  meniscus  grows  in  size  with  time  until  it  detaches 
and  falls  from  the  needle  tip  under  action  of  the 
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gravitational  force.  The  application  of  a  DC  voltage  to 
the  needle  and  its  increase  cause  the  reduction  in  the 
droplet  size  and  the  increase  in  droplet  emission 
frequency.  In  general,  the  diameter  of  droplets  formed 
in  this  so-called  dripping  mode  remains  greater  than 
the  needle  diameter.  With  further  increasing  the 
applied  voltage,  the  meniscus  attains  a  conical  form.  At 
a  certain  voltage,  a  very  small  jet  compared  to  the 
capillary  diameter  emanates  from  the  vertex  of  the 
conical  meniscus  with  subsequent  disintegration  to 
form  a  spray  of  fine  droplets. 

It  would  be  a  difficult  task  to  conduct  an 
analytical  description  for  the  complete  EHD  spray. 
Therefore,  an  EHD  spray  in  cone-jet  mode  can  be  split 
into  three  interacting  regions  with  quite  distinct 
behavior  (see  figure  1): 

1)  Conical  meniscus,  which  forms  at  the  needle 
tip; 

2)  Liquid  jet,  which  breaks  up  into  droplets  by 
the  wellknown  Rayleigh’s  capillary  instability; 

3)  Droplets  spray,  where  the  information  on  the 
droplet  size  and  velocity,  as  well  as  the  droplet 
charge  is  important. 


Figure  1  Sketch  of  an  EHD  spray  in  cone-jet  mode. 


The  effects  of  the  surface  tension,  pressure  head 
in  the  liquid  supply  line  and  electric  field  strength  can 
be  estimated  in  the  light  of  the  normal  pressure  balance 
at  the  meniscus  surface,  which  is  expressed  as 


where  a  is  surface  tension  of  liquid  in  contact  with 
air,  and  R2  are  principle  radii  of  surface  curvature, 
p1  is  liquid  density,  H  is  height  level  between  liquid 
surface  in  reservoir  and  needle  tip,  e0  is  permittivity 


of  surrounding  air  and  En  is  normal  electric  field 

strength  at  the  liquid  surface. 

The  breakup  of  jets  is  thought  to  occur  due  to  the 
Rayleigh’s  capillary  instability.  We  have  carried  out 
the  linear  analysis  on  the  instability  of  an  electrically 
charged  liquid  jet.  By  using  the  basic  equations  of  fluid 
mechanics  and  electromagnetism,  Son  and  Ohba 
(1998)  have  derived  the  following  equation  for  the 
dimensionless  growth  rate  of  the  disturbances 
developed  on  the  surface  of  the  jet. 
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constant  and  equal  to  0.707  in  our  work. 

The  calculation  results  of  this  equation  have 
revealed  that  the  varicose  mode  of  instability  takes 
place  at  low  electric  field  strength  and  the  kink  mode  of 
instability  is  enhanced  at  high  electric  .field  strength. 
The  kink  instability  causes  the  lateral  motions  of  the  jet, 
while  the  varicose  instability  causes  the  breakup  of  the 
jet.  By  assuming  the  jet  breaks  up  with  the  wave  of 
maximum  growth  rate,  we  can  calculate  the  droplet 
diameter  according  to  the  following  formula. 

d=(12jt/i(^cr/3a  (3) 

where  ?"cr(=l/ k'cr)  is  dimensionless  critical 
wavelength.  The  equation  3  is  used  for  theoretically 
predicting  the  droplet  size. 
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3.  EXPERIMENTAL  APPARATUS  AND 
PROCEDURE 

In  the  present  experiments,  an 
electrohydrodynamic  spraying  was  produced  by 
establishing  a  high  electric  field  between  the  tip  of  a 
needle,  from  which  liquid  is  emanated,  and  a  washer- 
plate.  The  experimental  apparatus  is  shown 
schematically  in  figure  2.  The  main  components  of  the 
system  included  a  liquid  delivery  system,  an  electrical 
charging  system,  a  C02  gas  supply  system,  a  laser 
measurement  system  and  a  visualization  system. 

The  fluid  delivery  system  consisted  of  a  liquid 
reservoir,  where  the  liquid  surface  level  was 
maintained  at  the  heights  H  of  15  and  20  mm  above  the 
surface  of  the  needle  tip.  The  working  fluids  were 
distilled  water  and  ethanol  with  surface  tensions  of 
0.0728  and  0.0228  N/m,  respectively.  Liquid  was  fed 
to  the  needle  under  gravity.  The  mass  flow  rate  was 
measured  by  defining  the  mass  reduction  of  liquid  in 
one  minute  with  the  help  of  an  electronic  balance.  The 
needle  is  made  of  a  stainless  steel  with  260 Atm  I.D. 
and  510  At  m  O.D.  Two  kinds  of  needle  were  used:  one 
with  flat  tip  and  another  with  conically  tapered  end 
with  semivertex  angle  30°.  A  Glassman  High  Voltage 
Power  Supply  with  variable  voltage  of  0-10  kV  was 
used  to  apply  to  the  needle  a  high  DC  voltage  of 


positive  polarity  with  respect  to  an  electrically 
grounded  plate  of  washer  type.  This  aluminum  washer- 
plate  with  outer  diameter  of  18  mm  and  hole  diameter 
of  8  mm  was  placed  perpendicularly  below  the  needle 
at  the  distance  of  1  mm  from  the  needle  tip.  Another 
electrically  grounded  plate  of  aluminum  with  diameter 
of  40  mm  was  placed  further  downstream  at  20  mm 
from  the  needle  tip  to  collect  the  droplets.  Coaxial  with 
the  needle,  a  flow  of  C02  gas  with  3  1/min  flow  rate 
isolated  the  needle  tip  from  the  ambient  air  in  order  to 
suppress  the  onset  of  corona  discharge.  The  droplet 
size  and  its  axial  component  of  velocity  at  5  mm  far 
from  the  needle  tip  were  measured  by  using  an 
Aerometrics  Phase  Doppler  Particle  Analyzer  (PDPA). 
The  PDPA  was  configured  to  receive  the  scattered  light 
in  the  30°  off-axis  forward  scattering  mode.  A  Keyence 
Hypervideo  Microscope  with  exposure  time  of  1/50000 
sec  was  used  to  monitor  the  shape  and  behavior  of  the 
meniscus  formed  at  the  needle  tip  with  the  aid  of  a 
halogen  lamp. 

In  a  typical  run,  the  applied  voltage  was 
increased  by  10  V  step  starting  from  zero  and  finishing 
at  corona  discharge  occurrence.  At  each  value  of 
applied  voltage,  the  droplet  size  and  its  axial 
component  of  velocity,  mass  low  rate  were  measured 
and  the  video  recording  was  taken. 


Figure  2  Schematic  diagram  of  experimental  apparatus. 


21.4.3 


4.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 
4.1.  Cone-Jet  Configuration 

Taylor  was  the  first  to  make  a  theoretical 
prediction  of  the  cone  angle.  Considering  the  case  of  an 
isolated  drop  located  in  a  strong  electric  field,  Taylor 
has  showed  that  the  half-angle  at  the  apex  of  the  cone  is 
equal  to  49.3°.  However  our  experiments  showed 
stable  conical  menisci  formed  at  the  needle  tip  for  a 
certain  range  of  applied  voltage  and  hydrostatic 
pressure.  Moreover,  the  value  of  the  cone  angle  and  its 
length  is  variable.  The  generatrix  of  the  cone  may  be 
either  concave  or  convex. 

Ethanol.  Since  ethanol  has  a  low  surface  tension, 
the  pendant  drop  forms  at  the  needle  tip  for  H  of  both 
15  and  20  mm.  These  specific  heights  were  selected 
based  on  the  initial  observations  identifying  those  at 
which  j  the.  formation  of  the ,  cone-jet  mode  was  ;best 
characterized  for  both  ethanol  and  water.  The 
photographs  showing  The  shape  of  the  meniscus  at 
various  applied  voltages  are  given  in  figure  3(a).  At  2.6 
kV,  the  meniscus  attains  a  .convex -conical  form  and  a 
jet  begins  emitting. .from  the:  apex  -of,. the  cone,  With, 
increasing  .applied  voltage, -the,  cone  .length  shortens,, 
the^  .cone.  angle  ,  becomes  ;  larger,  cone  generatrix, 
becomes  concave  and.  the, , jet  diameter , decreases.  .At 
about  3.7  kV,  a  second  jet  forms  .as  a  result  qf  abundant 


accumulation  of  charge  at  the  meniscus  surface.  The 
number  of  jets  formed  at  the  rim  of  the  needle  tip  in 
this  so-called  multi-jet  mode  increases  with  further 
increasing  in  applied  voltage.  The  process  of  cone-jet 
formation  is  almost  similar  for  spraying  of  ethanol  in 
either  C02  gas  or  air. 

Water.  No  spray  of  water  in  the  air  in  cone-jet 
mode  could  be  obtained.  Since  the  surface  tension  of 
water  is  relatively  high,  the  corona  discharge  occurs 
before  the  electric  field  becomes  high  enough  to  create 
the  electrostatic  pressure  that  exceeds  the  pressure  due 
to  surface  tension.  The  spraying  in  cone-jet  mode  was 
obtained  only  in  C02  gas.  For  needle  with  flat  tip,  the 
cone-like  meniscus  forms  with  strong  lateral  oscillation. 
By  contrast,  a  stable  cone  occurs  for  needle  with  cone 
ending,  as  shown  in  figure3(b).  Although  the  cone 
length  shows  a  little  change  compared  to  that  for 
ethanol  at  various  applied  voltages,  it  increases  with- 
increasing  applied  voltage.  We  could  .not.  define 
whether  the  j  etfonned  by  the  video  microscope  used,  in 
the.  present  experiments-v-There  are  .two:- possible, 
mechanisms  of  droplet  emission  .from  the  apex  of  the 
cone. ...In -ope  mechanism,,  the  droplets  are- emitted 
directly  from  the. cone  apex  due  to  strong  electric  field 
present  ,  there  \by  , -the  growth  of  unstable  surface 
deformations. , In  another  mechanism,  the  .liquid- jet  is 
ejected, and. subsequently  breaks  up, into. droplets.  .  ... 
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4.2.  Droplet  Size 
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occurs.  For  the  flat  tip,  the  droplet  size  is  a  little  larger 
and  about  4  microns  at  applied  voltage  above  5  kV. 
Reducing  the  height  level  between  liquid  surface  in 
reservoir  and  the  needle  tip  from  20  mm  to  15  mm 
resulted  in  higher  voltage  range  where  the  droplet  size 
remains  unchanged  and  minimum.  The  comparison 
between  the  experimental  droplet  size  and  calculated 
one  according  to  formula  (3)  for  ethanol  is  shown  in 
figure  5.  A  relatively  good  agreement  is  achieved. 

For  water,  droplet  diameter  is  almost  constant  at 
2-3  microns  for  the  whole  range  of  applied  voltage 
where  the  cone  is  stable,  as  shown  in  figure  4(b).  But 
this  range  of  voltage  is  more  narrow  compared  to  the 
case  of  ethanol  and  is  from  5.1  to  5.7  kV.  Droplet  size 
is  of  the  same  magnitude  for  two  different  pressure 
heads  (17=15  and  20  mm)  in  the  present  experiments. 

4.3.  Axial  Component  of  Droplet  Velocity 
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Figure  5  Variation  of  droplet  size  and  its 
axial  component  of  velocity. 


Figure  4  Droplet  size  variation  with  applied 
voltage. 

For  ethanol,  the  increase  in  applied  voltage 
reduces  the  jet  diameter  and  its  breakup  wavelength, 
and  thus,  the  droplet  size  as  well.  For  the  case  of 
ethanol  issued  in  C02  gas,  droplet  size  decreases  with 
increasing  applied  voltage  and  stays  unchanged  at 
about  3  microns  at  applied  voltage  above  4  kV  for 
needle  with  cone  tip,  as  shown  in  figure  4(a).  For 
ethanol  issued  in  air,  with  increasing  applied  voltage, 
droplet  size  stays  constant  at  12  microns  until  3.7  kV, 
then  sharply  decreases  in  size  down  to  5  microns.  It  is 
constant  at  about  3  microns  from  5  kV  until  corona 


The  variation  of  the  axial  component  of  droplet 
velocity  has  a  similar  tendency  of  droplet  size  variation 
with  increasing  applied  voltage.  The  value  of  velocity 
changes  within  the  interval  2-10  m/s  depending  on  the 
applied  voltage  and  droplet  size,  as  shown  in  figure  5 
for  the  case  of  ethanol  sprayed  in  C02  gas.  The  larger 
the  droplet,  the  higher  its  momentum.  Besides,  the 
larger  droplets  are  thought  to  carry  a  larger  amount  of 
charge,  which  results  in  a  greater  electrostatic  force 
acting  on  the  droplet  in  the  direction  of  electric  field 
and  attracting  the  droplet  downward  to  the  grounded 
plate. 
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4.4.  Flow  Rate 
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Figure  6  Variation  of  volumetric  flow  rate 
with  applied  voltage. 


5.  CONCLUDING  REMARKS 

The  experimental  study  on  the  EHD  spraying  in 

cone-jet  mode  has  showed  that: 

•  The  surface  tension  plays  an  important  role  in  the 
formation  of  cone-jet.  The  cone-jet  mode  was 
established  in  a  large  region  of  applied  voltage  for 
liquids  with  low  surface  tension  such  as  ethanol. 
For  water,  the  cone-jet  mode  took  place  only  in 
C02  gas  and  within  a  narrow  range  of  applied 
voltage. 

•  In  cone-jet  mode,  very  fine  droplets  of  2-4  microns 
were  obtained  for  both  ethanol  and  water. 

•  A  comparison  between  the  experimental  droplet 
size  and  that  calculated  by  our  theoretical  result  of 
instability  analysis  of  charged  liquid  jets  shows  a 
relatively  good  agreement. 
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ABSTRACT 

The  characteristics  of  an  electrostatic  spray  were 
investigated  by  detailed  measurements  by  phase- 
Doppler  techniques.  Droplet  size,  axial  and  radial 
velocity,  and  number  density  were  measured 
throughout  the  spray  field.  Experiments  were  carried 
out  using  heptane  doped  with  an  anti-static  additive 
to  enhance  its  electric  conductivity. 

The  droplet  sizes  were  characterized  as  a  two-peak 
distribution  in  the  whole  spray  field  and  affected  the 
spray  characteristics.  The  droplets  behaved 
differently  with  droplet  sizes.  The  number  density, 
mean  diameter  and  mean  velocity  of  droplets  were 
more  strongly  affected  by  the  behavior  of  small 
droplets. 

1.  INTRODUCTION 

Liquid  jets  break  up  to  form  sprays  of  charged 
droplets  when  intense  electric  fields  are  applied, 
because  Coulombic  repulsion  on  the  surface  of  a 
charged  droplet  overcomes  a  surface  tension  that 
holds  the  droplet.  An  electrostatic  atomization  is  an 
essential  process  in  the  current  technologies  of  spray 
painting,  ink  jet  printing,  crop  spraying,  space- 
vehicle  propulsion  and  other  applications. 
Particularly,  in  spray  combustion,  electrostatic 
atomization  can  offer  good  mixing  and  low 
agglomeration,  and  control  over  the  droplet  size  and 
dispersion  [  Chen  (1992),  Gomez  (1994), 
Thong(1971)  ].  This  electrostatic  atomization  was 
first  studied  theoretically  by  Rayleigh  and  has  been 
studied  by  many  other  researchers  [  Rayleigh  (1882), 
Mutoh  (1979),  Hayati  (1987)  ]  and  so  on.  Despite  cf 
its  advantages  and  wide  application,  the  fundamental 
mechanisms  of  electrostatic  atomization  are  not  well 
understood. 

The  purpose  of  this  study  was  to  experimentally 
investigate  the  structural  characteristics  of  an 


electrostatic  spray.  For  the  purpose,  a  series  cf 
detailed  measurements  was  taken  in  a  spray  field. 
The  droplet  size,  velocity,  velocity-size  correlation, 
and  droplet  number  density  were  measured  using 
two  dimensional  phase-Doppler  techniques. 

In  a  previous  study,  we  understood  already  that  a 
electrostatic  atomization  was  dependent  on  charged 
voltage  and  liquid-flow  rate  [  Kim  (1998)  ].  The 
droplet  size  was  decreased  with  charged  voltage.  The 
size  distribution  was  varied  with  flow-rate  of  liquid. 
For  the  very  low  flow-rate,  the  size  distributions 
were  one-peak  histogram  of  mono-disperse  droplets. 
Then,  droplet  sizes  were  characterized  as  a  two-peak 
distribution  with  increasing  a  flow-rate.  Then,  this 
present  study  was  focused  on  the  structural 
characteristics  of  an  electrostatic  spray  with  a  two- 
peak  size  distribution. 


2.  EXPERIMENTAL 

The  electrostatic  atomization  system  consisted  cf 
a  0.2  mm  stainless  steel  capillary  tube  and  a  6.5 
mm  inner  diameter  grounding  ring  positioned  5  mm 
away  from  the  tube.  The  capillary  was  charged  to 
several  kilovolts  and  a  liquid  fuel  was  fed  from  a 
metal  tank  through  the  capillary  using  pressured 
nitrogen.  A  sketch  of  the  electrostatic  atomization 
system  is  shown  in  Fig.  1. 

Heptane  (C7H6)  was  used  as  liquid  fuel  of  these 
experiments,  due  to  its  well-established  properties, 
the  fuel  was  doped  with  an  anti-static  fuel  additive 
(0.5  w%,  Du  Pont  Stadis  450)  to  raise  its 
conductivity  to  a  value  of  10'5  mho/m,  which  was 
measured  by  a  high  resistance  meter.  For  this  study, 
the  pressure  in  the  fuel  tank  and  the  fuel  flow-rate 
was  fixed  at  24.5  kPa  and  2.5  cm3/min,  respectively. 
The  capillary  was  constantly  charged  to  5  kV. 

Detailed  single-point  measurements  were  taken 
using  a  two  dimensional  phase-Doppler 
measurement  system  to  achieve  simultaneous 
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Fig.  2  Profile  of  droplet  number  density. 
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Fig.  3  Profile  of  droplet  size. 


measurement  of  the  size  and  velocity  of  droplets. 
The  measurements  were  taken  through  all  of  the 
spray  field  below  the  grounding  ring. 

A  72°  offset  angle  was  used  in  the  phase-Doppler 
measurement  to  improve  the  S/N  ratio.  This  angle 
was  determined  from  Brewster  condition,  using  the 
refractive  index  of  heptane.  Brewster  angle  was  found 
to  give  the  best  linearity  of  phase  shift  versus  droplt 
diameter  [  Naqwi  (1991)  ].  Optical  set-up  parameters 
used  for  the  phase-Doppler  measurement  are  shown 
in  Table  1 . 


3.  RESULTS  AND  DISCUSSION 

3 . 1  Number  Density  and  Mean  Diameter 

Figure  2  shows  the  profile  of  droplet  number 
density  in  a  spray  field.  The  droplet  number  density 
was  calculated  from  the  results  of  phase-Doppler 
measurement  by  following  equation. 


Where,  ND  :  number  density,  t  :  total  sampling 
time,  t,ran(ij)  :  particle  transit  time  for  size  class  i, 
PVi  :  corrected  maximum  probe  volume  for  size 
class  i. 

The  number  density  was  high  in  up-stream  of  the 
spray  and  decreased  monotonically  with  axial 
distance.  However,  we  can  observe  that  it  had  no  a 
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monotonic  tendency  with  the  radial  distance.  The 
peak  of  droplet  number  density  was  at  a  finite 
distance,  about  r  =  2.5  mm  away  from  the  centerline 
of  spray  axis. 

Figure  3  shows  the  profile  of  arithmetic  mean 
diameter  (Dio)  in  the  spray  field.  The  profile  of  mean 
diameter  had  the  reversed  tendency  to  the  case  cf 
droplet  number  density.  Dio  was  monotonically 
increased  with  the  axial  distance.  Dio  was  minimum 
at  a  finite  distance,  about  r  =  2.5  mm  away  from  the 
centerline  of  spray  axis,  where  was  also  the  axis  cf 
the  maximum  number  density. 

From  results,  we  can  estimate  that  droplets  were 
dispersed  outward  and  small  droplets  gathered  at  a 
finite  distance  away  from  the  centerline  of  spray  axis. 
It  is  considered  that  droplets  were  dispersed 
differently  with  droplet  size. 

3.2  Two-peak  Droplet  Size  Distribution 

Figure  4  shows  the  droplet  size  distribution  at  a 
representative  measured  location  (r  =  0  mm,  z  =  5 
mm).  The  droplet  size  distribution  had  a  two-peak 
histogram  and  its  cumulative  number  distribution 
had  two-steps.  Small  droplet  group  under  5  pm 
occupied  13%  of  the  total  number  of  measured 
droplets.  The  number  of  droplets  from  10  pm  to  50 
pm  was  very  low.  The  large  droplet  group  from  50 
pm  to  100  pm  accounted  for  a  major  portion  of  the 
total  number  of  measured  droplets. 

Considering  the  cumulative  mass  distribution, 


however,  the  small  droplet  group  accounted  for  only 
about  1%  of  the  total  mass.  The  Dio  was  61.5  pm 
and  the  D32  (Sauter  Mean  Diameter)  was  89.3  pm. 
The  difference  between  Dio  and  D32  was 
comparatively  large.  It  is  apparent  that  the  difference 
will  be  increased  with  the  portion  of  small  droplets. 

Figure  5  shows  correlation  of  axial  velocity  and 
droplet  diameter  at  several  locations.  We  could 
observe  that  a  two-peak  histogram  of  droplet  sizes 
was  distributed  in  almost  the  whole  spray  field.  The 
portion  of  small  droplet  group  was  maximum  at  the 
axial  locations  of  r  =  2.5  mm  and  decreased  with  the 
axial  direction.  We  consider  that  the  two-peak  size 


0  50  100  150 

Droplet  diameter  (pm) 


Fig.  4  Typical  droplet  size  distribution. 
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Fig.  5  Correlation  of  axial  velocity  and  droplet  diameter  at  selected  locations. 
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Fig.  6  Radial  profile  of  small  size  droplets 
at  axial  locations. 


Fig.  7  Profile  of  axial  mean  velocity. 


Fig.  8  Profile  of  radial  mean  velocity. 


distribution  is  characteristically  originated  from  a 
fissionable  disruption  of  an  electrostatic  charged 
droplet. 

It  was  already  observed  that  the  shape  of  droplet 
size  distributions  was  dependent  on  the  flow-rate  of 
liquid  [  Kim  (1998)  ].  Then,  with  the  flow-rate  cf 
liquid,  the  size  distribution  got  to  be  transformed 
from  one-peak  histogram  to  two-peak  histogram.  For 
this  reason,  it  is  necessary  to  verify  the 
characteristics  of  the  electrostatic  spray  with  a  two- 
peak  size  distribution. 

The  portion  of  small  droplets  under  10  pm  to 
total  droplets  (DNFio)  as  a  function  of  the  radial 
distance  was  examined  as  shown  in  Fig.  6.  As 
discussed,  DNFio  had  a  maximum  value  more 
distinctively  at  r  =  2.5  mm  away  from  the 
centerline,  and  was  decreased  with  the  axial  distance. 
We  consider  that  small  droplets  were  attracted  more 
strongly  by  the  grounding  ring.  Then,  we 
investigated  the  axial  and  radial  velocity,  and  the 
behavior  of  each  group  of  size-classified  droplets. 

3.3  Mean  Velocity  and  Behavior  of  Droplets 

Figures  7  and  8  show  the  axial  and  radial 
velocity  as  a  function  of  the  radial  distance, 
respectively.  Axial  velocity  was  decreased  with  axial 
and  radial  distances  decreased  except  for  a 
recirculation  region.  From  the  intervals  between 
velocities,  we  can  know  that  the  deceleration  was 
also  decreased.  We  can  observe  that  there  was  a 
recirculating  flow  after  r  —  7.5  mm  at  z  =  5  mm. 
The  radial  velocity  was  monotonically  decreased 
with  the  axial  distance,  but  increased  with  the  radial 
distance.  It  is  considered  that  the  axial  dispersion  cf 
droplets  was  decelerated  by  a  drag  force  and 
electrostatic  force  to  axial  direction.  However,  owing 
to  the  ground  ring,  the  radial  velocity  was 
accelerated  to  the  radial  direction. 

The  axial  and  radial  velocities  of  each  group  cf 
size-classified  droplets  were  examined  as  shown  in 
Figs.  9  and  10,  respectively.  The  droplets  were 
classified  by  droplet  size,  and  then  the  validation  cf 
each  size  interval  was  considered  by  the  droplet 
number  frequency.  For  the  groups  of  large  droplets 
over  30  |J.m,  the  larger  droplets  were  faster. 
However,  we  can  observe  that  the  droplet  group 
under  30  pm  differed  from  the  other  groups. 

This  tendency  was  definitely  confirmed  by  the 
droplet  size-velocity  correlation  as  shown  in  Figs. 
1 1  and  12.  Firstly,  we  can  observe  three  islands  cf 
droplets  in  each  figure  of  size-velocity  correlation.  In 
Fig.  11,  droplets  over  30  pm  had  a  tendency  that 
the  larger  droplets  was  increased  with  the  droplet 
size.  However,  the  very  small  droplets  under  20  pm 
behaved  with  different  tendency.  The  velocity  of  very 
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Fig.  9  Axial  velocity  of  size-classified  droplets 
with  radial  distance  at  z  =  5  mm. 
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Fig.  10  Radial  velocity  of  size-classified  droplets 
with  radial  distance  at  z  =  5  mm. 
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Fig.  1 1  Correlation  of  axial  velocity  and  size 
at  r  =  5  mm,  z  =  5  mm . 


Fig.  12  Correlation  of  radial  velocity  and  size 
at  r  =  5  mm,  z  =  5  mm. 


small  droplets  was  near  to  the  large  droplets.  We 
consider  that  the  very  small  droplets  were  more 
strongly  accelerated  in  breaking  up  from  the  large 
droplets  by  an  electrostatic  fission. 


4.  CONCLUSIONS 

The  findings  from  this  experimental 
determination  of  the  structural  characteristics  of  an 
electrostatic  spray  can  be  summarized  as  follows: 

The  droplet  sizes  were  distributed  with  two  peaks 
in  the  whole  spray  field  and  affected  the  spray 
structure.  At  a  finite  distance  near  to  the  centerline  cf 
spray  axis,  the  number  density  was  maximum,  mean 
diameter  was  minimum,  and  the  portion  of  small 
droplets  was  distinctively  maximum.  The  droplets 
dispersed  outward  and  the  axial  and  radial  velocities 
were  decelerated  with  the  axial  distance.  The 
droplets,  however,  dispersed  differently  with  droplet 
size.  This  behavior  of  droplets  was  reflected  in  the 
profiles  of  number  density,  mean  diameter  and  mean 
velocity. 
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ABSTRACT 

This  paper  presents  the  study  of  Reynolds  number 
effect  and  laminarisation  of  turbulent  flow  in  a  pipe 
with  sudden  contraction  having  a  fixed  upstream-to- 
downstream  area  ratio  of  four.  The  influence  of 
Reynolds  number  on  the  dynamics  of  flow  with  this 
type  of  area  discontinuity  were  investigated  for 
Reynolds  numbers  in  the  range  2000  -  12000  based 
on  upstream  flow  conditions.  Information  on  the 
laminarisation  effect  and  the  subsequent  positional 
influence  on  the  resulting  overshoot  due  to  flow 
acceleration  are  also  reported. 

1.  INTRODUCTION 

A  wide  variety  of  applications  in  engineering 
practice  involve  the  flow  of  fluid  through  pipes  with 
changes  in  cross-sectional  area,  which  could  either  be 
expansion  or  contraction,  gradual  or  sudden.  Such 
discontinuities  give  rise  to  a  complicated  flow  pattern 
that  is  characterized  by  flow  separation,  recirculation, 
and  reattachment.  In  axisymmetric  sudden 
contraction,  which  is  the  focus  of  this  study,  the 
performance  of  various  equipment,  such  as,  mixing 
vessels,  combustion  chambers,  hydraulic  flow 
systems  and  heat  exchangers,  is  dependent  on  good 
understanding  of  the  flow  field,  since  as  a  result  of 
flow  separation  there  exist  significant  changes  in 
pressure  loss,  erosion  rates,  as  well  as,  heat  and  mass 
transfer  rates.  Because  of  the  complexity  of  such 
flow,  the  theoretical  analysis  is  virtually 
impossible,  hence  paving  the  way  for  experimental 
and  numerical  analysis. 

A  schematic  representation  of  the  problem 
definition  for  this  geometry  is  shown  in  Fig.  1.  As  the 
flow  enters  the  contraction  it  experiences  a  bulk 
velocity  increase,  which  results  into  a  static  pressure 
drop.  The  contraction  to  the  vena  contracta  is 


accompanied  with  inlet  losses  arising  from  velocity 
distribution  changes  due  to  local  flow  acceleration, 
while  subsequent  expansion  from  the  vena  contracta 
promotes  instability  and  turbulence  giving  rise  to 
expansion  related  losses.  Thus,  the  flow  past  a  sudden 
contraction  experiences  favourable  and  adverse 
pressure  gradients  with  corresponding  velocity 
overshoot,  which  result  in  energy  losses,  other  than 
those  due  to  friction. 

Although  a  substantial  amount  of  effort  had  been 
made  in  recent  times  to  study  the  flow  characteristics 
in  the  vicinity  of  sudden  contraction  experimentally 
(Durst  et  al.,  1989)  and/  or  numerically  (Jones  and 
Launder,  1972;  Patankar  and  Spalding,  1967), 
nevertheless  the  nature  and  characteristics  of  the  flow 
have  not  been  fully  explored,  owing  to  the  limitations 
of  either  measuring  instruments  or  computers.  In 
particular,  there  do  not  yet  exist  LDA  measurements 
that  cover  the  near-step  proximity  in  the  vicinity  of  a 
sudden  contraction  for  turbulent  flow,  hence  there 
still  persist  the  inability  to  locate  correctly  the 
velocity  overshoot  and  the  subsequent  effect  on  the 
nature  of  flow  in  this  region  and  downstream  of  it. 
Lack  of  reliable  measurements  can  be  attributed  to 
the  difficulty  involved  in  matching  the  refractive 
index  of  the  containment  wall  with  the  working  fluid. 
A  further  difficulty  occurs  as  a  result  of  the  inability 
to  resolve  spatially  the  recirculating  flow  regions  in 
the  concave  and  convex  comers  in  the  plane  of 
contraction  owing  to  the  large  relative  size  of  the 
measuring  control  volume.  Moreso,  extensive 
computational  resources  are  needed,  and  even  then 
much  uncertainty  exists  in  the  ability  of  the  present 
turbulences  models  to  capture  the  phenomena  that 
may  occur  in  a  sudden  contraction  due  to  local  flow 
acceleration.  Improving  predictive  tools  require 
extensive  experimental  data,  and  this  need  has 
motivated  the  present  investigation.  In  the  present 
paper,  highly  resolved  velocity  measurements  for 
turbulent  flow  past  a  circular  sudden  contraction  are 
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presented.  Furthermore,  results  from  computations  of 
the  flow  using  a  finite-volume  scheme  incorporating  a 
k  -  e  turbulence  model  are  compared  with  the 
experimental  data. 
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Fig.  1:  Schematic  representation  of  flow 
characteristics  in  the  vicinity  of  sudden  contraction 


2.  EXPERIMENTAL  AND  NUMERICAL 
METHODS 

A  highly  resolved  velocity  mesurements  and 
numerical  computation  for  a  fully  developed  flow  in  a 
pipe  with  axisymmetric  sudden  contraction  with 
contraction  area  ratio  nc  =  4  were  performed  for  a 
Reynolds  number  range  of  2000  to  12000. 

2.1  Velocity  Mesurements 

A  specially  designed  one-component,  forward 
scatter  laser-Doppler  system  consisting  of  17mW 
helium-neon  laser,  double  Bragg  cells,  beam  splitter, 
transmitting  lenses,  receiving  lenses  and  avalanche 
photodiode  showed  in  Fig.  2,  was  used  to  measure  the 
velocity.  The  test  section  which  was  centrally 
mounted  in  a  rectangular  box  to  permit  laser-Doppler 
measurements,  consisted  of  two  Duran  glass  pipes 
with  internal  diameters  of  50  mm  and  25  mm,  thus 
resulting  in  a  fixed  contraction  area  ratio  of  nc  =  4 
and  a  fixed  forward  step  height  of  12.5  mm. 
Necessary  provision  was  made  to  eliminate  the  air 
bubbles  trapped  within  the  sudden-contraction 
recirculation  region  during  the  start-up  operation  of 


the  facility.  In  order  to  ensure  fully  developed  flow 
upstream  of  the  contraction  after  initial  tripping,  a 
total  length  of  about  80  diameters  of  pipe  was  used 
upstream  of  contraction.  The  working  fluid  consisted 
of  two  mixed  diesel  oils  of  slightly  different  refractive 
indices  matched  with  the  Duran  glass  at  suitable 
working  temperature.  The  temperature  of  the  fluid, 
which  was  monitured  by  an  RT-100  resistance 
thermometer  located  just  downstream  of  the  test 
section  and  directly  after  the  heater,  was  controlled  by 
heating  and  cooling  elements  installed  in  the 
downstream  settling  chamber  of  the  test  rig.  A 
secondary  pump  was  used  to  bypass  some  working 
fluid  into  the  region  between  the  pipe  and  the 
enclosing  rectangular  box,  thus  eliminating  any 
thermal  effects  on  the  refractive  index.  The 
rectangular  box  surrounding  the  pipe  was  made  from 
Duran  glass. 


3.  Beam  expanses  7.  Thermocouple 

4.  Routing  optical  unit,  including  %.  Box  with  refractive 
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-  Double  Bragg-ccll 

-  Transmitting  lens 

Fig.  2:  Schematic  layout  of  LDA  system. 

The  arrangement  of  the  LDA  system  with  a  beam 
expansion  of  2.5  yielded  an  effective  measuring 
control  volume  of  72  /rm  in  diameter  and  250  /tm  in 
length.  The  Bragg  cell  driver  was  set  up  to  provide  a 
frequency  shift  of  200  kHz.  Scattered  light  was 
collected  by  the  receiving  optics  and  directed  onto  a 
100  diameter  pinhole  that  was  placed  in  front  of 
an  avalanche  photo-diode.  The  signal  from  this  diode 
was  bandpass  filtered  prior  to  being  processed  by  a 
TSI  Model  1990  counter,  which  operated  in  the  total 
burst  mode  with  a  minimum  of  16  cycles/burst. 
Sufficient  particles  were  present  in  the  oil  to  yield 
acceptable  data  rates  (50-100  Hz  close  to  the  wall; 
300-500  Hz  away  from  the  wall).  For  every 
measurement  point  10,000  to  30,000  samples  were 
obtained  with  a  sampling  rate  of  10  Hz  to  30  Hz,  the 
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former  close  to  the  wall.  These  sampling  conditions 
ensured  statistically  reliable  measurements  even  for 
the  fourth-order  moments.  The  statistical  uncertainty 
in  the  mean  velocity  was  estimated  to  be  less  than  1  %. 


2.2  Numerics 

A  finite  volume  approach  was  used  to  solve  the 
two-dimensional,  incompressible,  steady  Reynolds- 
averaged  Navier-Stokes  equations.  In  general 
coordinates,  the  equations  are: 


dU. 

=  0;  i  =  1,2  (1) 

0X1 


77:  Mi  _  dP 


pUi 


dU,: 


dx  ; 


uX  j  OX  j  OX  j 

i,  j  =  1,2 


(2) 


To  achieve  closure,  several  turbulence  models  for  the 
Reynolds  stress  terms,  putUj,  are  available,  such  as, 

the  mixing-length  or  zero  equation  model,  the  one- 
differential-equation  model,  the  two-differential- 
equation  model  and  the  more  complex  Reynolds  stress 
models.  The  two-equation  k  -  s  model  was  considered 
in  the  present  effort  because  of  its  simplicity,  hence 
low  cost  of  computing.  The  Reynolds  stress  terms  are 
modelled  using  the  turbulent  viscosity  ( p, )  and 
turbulent  kinetic  energy  (k) 

—  a  dUi  2  x 
-  pUiUj  =  2p,  —  -  -  psSy  (3) 


where  p,  =  pCu —  and  k  =  —uiui .  The  transport 
£  2 

form  of  the  turbulence  kinetic  energy  and  ist 
dissipation  rate  ( £ )  are 


Dk  _  1  d  p,  dk  ^  +PL(dUj_  +  dU  j  ^  dU ,  _  g 
Dt  pdxjGkdxj  p  dxj  dxt  dxj 

(4) 


Table  1:  Applied  constants  in  k-  £  turbulence 
model 


Cl 

c2 

°k 

0.09 

1.44 

1.92 

1.0 

1.3 

The  generalized  transport  equations  of  the 
aforementioned  governing  equations  and  a  detailed 
description  of  the  discritization  and  implementation, 
together  with  a  multigrid  method  for  accelerating  the 
convergence  to  the  steady  state  condition,  was 
reported  by  Ajayi  (1997).  The  solution  of  the  coupled 
set  of  equations  was  based  on  the  SIMPLE  algorithm 
for  collocated  grids.  A  detailed  description  was  given 
by  Peric  et  al.  (1988).  Boundary  conditions  were 
imposed  along  the  wall(no-slip),  the  axis  of  symmetry, 
and  at  the  inlet  and  outlet  of  the  test  section.  At  the 
inlet  to  the  pipe  a  uniform  profile  was  assumed,  with 
the  velocity  at  each  point  along  the  section  equal  to 
the  bulk  velocity.  This  profile  approximated  the  inlet 
condition  realised  in  the  experimental  investigation. 

At  the  outlet  boundary  a  zero  gradient  was  assumed 
for  all  dependent  variables.  The  computation  was  first 
carried  out  on  a  coarse  grid  of  23482  control  volumes 
and  refined  to  a  grid  of  93928  control  volumes.  An 
almost  infinite  time  step  was  considered  for  stationary 
calculations.  A  preliminary  check  on  the  validity  of 
the  numerical  procedure  was  performed  by  computing 
and  comparing  the  normalised  centerline  velocity  with 
DNS  and  experimental  data  for  fully  developed  pipe 
flow.  The  results  of  Table  2  indicate  good  agreement. 
The  decay  of  Ucl/Ub  with  increasing  Re  is  in 
agreement  with  the  expected  behavior  (see  Papadop- 
oulos  et  al.,  1997). 


De  _  1  d  p,  de  ^  QyU,  E^dUi  |  dUj^dUi 
Dt  p  dxj K  os  dxj  p  k  dxj  dxt  dx} 

-G- -  (5) 

*  k 

with  values  for  the  constants  used  given  in  Table  1. 
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Table  2:  Comparison  of  measured  and  predicted 
normalized  centerline  velocity  upstream  of  the 
contraction  with  DNS  and  experimental  data. 


Case 

Method 

ReD 

Ucl/Ub 

Eggels  et  al.  (1994) 

DNS 

5300 

1.31 

PIV 

5400 

1.30 

LDA 

5450 

1.32 

HWA 

5600 

1.31 

Present 

LDA 

5300 

1.30 

LDA 

7500 

1.28 

LDA 

10000 

1.26 

k-£ 

5300 

1.28 

k-  £ 

7500 

1.27 

k-  £ 

10000 

1.25 

3.  RESULTS 


In  this  study,  some  flow  properties  measured  for  a 
Reynolds-number  range  from  2000  to  12000  for  ajj- 
velocity  component  are,  the  mean  velocity(  U ), 

u 

central  moment  (u'),  turbulence  intensity  (  — )  and 

two  statistical  parameters  often  used  in  the  description 
of  turbulent  flow,  namely  skewness  (S)  and  flatness 
(F)  factors.  These  properties  were  analysed 

respectively  as  follows:  U  =  Ue= o ;  u  =  ■ \{u 2  ) ; 


U  U 


S(u )  = 


0=0 


(u) 


3 

2^2 


F(u)  = 


( u ")2 


where  u 2  =  n2  0=0  ,  n3  =  n30= 0  and  u  —  u  0=0  • 


3.1  Lower-Order  Turbulence  Statistics 

Distribution  of  the  rms  values  of  the  turbulence 
velocity  fluctuations  at  the  centerline  of  the  flow, 
normalised  by  the  centerline  mean  velocity  along  the 
centerline  position  are  shown  in  Fig.  3.  The  strong 
effect  the  sudden  contraction  has  on  the  flow  at  the 
position  X/H  =  -4  is  obvious.  Before  the  decrease, 
the  turbulence  intensity  shows  the  well  known 
distribution  for  fully  developed  pipe  flow,  in  which 
the  local  turbulence  intensity  at  the  centerline 
decreases  with  increasing  Reynolds  number.  This 
trend  is  also  apparent  at  the  location  far  downstream 
of  contraction. 

It  is  interesting  that  there  is  nearly  no  Reynolds 
number  dependence  in  the  region  where  the  turbulence 
intensity  decreases  due  to  the  flow  acceleration 
occuring  in  front  of  the  sudden  contraction.  In  the 


redevelopment  region  after  the  contraction,  a 
Reynolds  number  dependence  on  the  turbulence 
intensity  is  present,  yielding  higher  turbulence 
intensities  for  the  higher  Reynolds  number,  hence 
requiring  longer  streamwise  length  for  attaining  full 
recovery  from  the  plane  of  contraction. 

Detailed  investigations  of  Reynolds  number  effect 
based  on  positional  variation  for  both  upstream  and 
downstream  of  contraction  are  presented  in  Figs.  4a 
and  4b  respectively.  Upstream  of  contraction,  when 
X/H  is  increased  from  the  step,  u'  /U  correspondingly 
increases  for  any  given  Reynolds  number.  At  X/H —-5 
the  flow  is  already  fully  developed,  as  shown  by  curve 
of  u'  /U  at  X/H  =-20  coincidencing  with  the  selected 
DNS  data  for  pipe  and  channel  flows.  Also  very 
obvious  in  Figure  4a  is  the  laminarisation  effect  close 
to  the  step,  with  m'/U =0.012  at  X/H =-0.3. 
Irrespective  of  any  position  upstream  of  contraction, 
turbulence  intensity  is  a  weak  function  of  Reynolds 
number,  becoming  virtually  independent  of  Reynolds 
number  in  regions  close  to  the  step.  On  the  other  hand 
downstream  of  contraction,  Figure  4b  indicates  that 
the  turbulence  intensity  is  completely  independent  of 
Reynolds  number  at  X/H  =  +0.4. 

Contrary  to  upstream  condition,  increasing 
turbulence  intensity  results  from  increasing  Reynolds 
number  at  higher  stations  up  to  X/H  =  +24  resulting 
in  fairly  constant  positive  gradient.  At  about 
X/H  =+43,  the  gradient  is  found  to  reverse  to 
negative. 


X/H 


Fig.  3:  Streamwise  centerline  turbulence  intensity 
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Fig.  4:  Dependence  of  turbulence  intensity  on  Reynolds 
number  (a)  upstream  of  contraction  (b)  downstream  of 
contraction. 

The  mean  stastistics  of  turbulence  shown  in  Fig.  5 
indicate  the  position  of  velocity  overshoot,  positional 
influence  on  this  overshoot  and  the  laminarisation 
effect  within  the  separation  region  upstream  and 
downstream  of  contraction.  The  influence  of  the  step 
on  the  u- velocity  profile  upstream  and  downstream  of 
contraction  is  shown  in  the  selected  profiles  in  Fig.  5  a. 
As  the  flow  approaches  the  step  with  decreasing  X/H, 
severe  acceleration  is  noted  in  the  central  core  of  the 
flow  upstream  of  the  contraction.  The  closer  the  flow 
is  to  the  step,  the  more  severe  the  acceleration, 
resulting  in  a  reverse  transition  as  pointed  out 
previously.  Although  the  influence  of  the  step  on  the 
oncoming  flow  is  severe,  nevertheless,  no  velocity 
overshoot  is  noted  at  any  section  upstream  of  the 
contraction.  On  the  other  hand,  at  X/H  =+0.32 
downstream  of  the  contraction,  the  velocity  profile  is 


seen  to  have  severe  overshoot,  resulting  in  a  convex 
flow  profile  in  the  direction  of  flow.  This  velocity 
overshoot  decays  with  increasing  centerline  velocity 
up  to  X/H  =  0.96,  where  the  core  of  the  streamwise 
velocity  profile  is  approximately  flat.  At  X/H  =1.12, 
the  profile  resumes  a  concave  curvature  in  the 
direction  of  flow.  From  X/H  =  1.12  to  1.6  the  profiles 
reduces  in  the  streamwise  direction  with  subsequent 
reduction  in  the  heavily  retarded  region  of  flow. 

The  representation  of  turbulence  intensity  in  Fig.  5b 
indicates  very  interesting  features,  which  are  regions 
of  laminar,  turbulent  and  secondary  flows.  At  any 
cross-section  normal  to  the  streamwise  direction  and 
close  to  the  step  upstream  and  downstream  of  the 
contraction,  there  always  exists  turbulent  flow 
between  the  core  of  the  flow,  which  is  laminar,  and 
the  wall  of  the  pipe.  Therefore,  the  laminarisation 
effect  is  limited  only  to  the  central  core  of  the  flow  in 
the  streamwise  direction.  Regions  of  secondary  flow 
at  the  concave  corner  between  the  upstream  and 
downstream  pipes  are  also  very  noticeable,  together 
with  that  present  at  the  convex  comer  immediately 
downstream  of  the  contraction.  Fig.  5c  indicates  at 
X  =  -20mm(X/H  =-1.6)  conventional  profiles  of  u 
having  a  maximum  value  close  to  the  pipe  wall.  The 
effect  of  contraction  is  very  obvious,  with  decreasing 
X/H  in  the  direction  of  flow  resulting  in  higher  values 
of  u  downstream  of  the  contraction. 

3.2  Higher-Order  Turbulence  Statistics 

In  Figures  6  and  7  the  behaviour  of  the  higher  order 
moments  of  the  streamwise  centerline  turbulence 
velocity  fluctuations  are  presented.  The  skewness 
shows  the  well  known  negative  values  of 
approximately  -0.4  on  the  axis  of  turbulent  pipe  flows, 
for  all  Reynolds  numbers,  and  increases  just  before  the 
plane  of  sudden  contraction.  It  reaches  a  maximum  at 
about  X/H  =  -4  before  decreasing  to  a  minimum  value 
at  about  X/H=-9  and  thereafter  redevelops  to  a  value 
approximately  the  same  as  that  of  the  incoming  flow. 
Similarly,  strong  distortions  occur  close  to  the  sudden 
contraction  for  the  flatness  factor.  It  has  a  centerline 
value  just  above  3  for  the  oncoming  flow  and  results 
in  strong  distortions  just  after  the  plane  of  contraction. 
The  dependance  of  the  third-order  statistics  on 
Reynolds  number  upstream  and  downstream  of 
contraction  presented  in  Figures  8a  and  8b  confirms 
the  laminarisation  effect  of  the  flow  close  to  the  step. 
This  effect  becomes  more  pronounced  with  the  fourth- 
order  moment  presented  in  Figures  9a  and  9b. 
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Fig.  5:  Profile  measurements  of  u-velocity  component  in 
the  vicinity  of  sudden  contraction  (a)  mean  values  (b) 
turbulence  intensity  ©  rms  values 
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Fig.  8:  Dependence  of  skewness  factor  on  Reynolds 
number  (a)  upstream  of  contraction  (b)  downstream  of 
contraction. 
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Fig.  9:  Dependence  of  flatness  factor  on  Reynolds 
number  (a)  upstream  of  contraction  (b)  downstream  of 
contraction 


3.3  Comparison  of  Experimental  and  Numerical 
Results 

Figure  10a  clearly  shows  the  good  agreement 
between  the  experimental  and  numerical  velocity 
profiles  upstream  of  the  contraction  without  the 
presence  of  any  overshoot,  even  up  to  X/H =-0.32, 
hence  eliminating  any  doubt  about  the  non-existence 
of  velocity  overshoot  upstream  of  the  contrcation.  On 
the  other  hand,  as  indicated  in  Fig.  10b,  an  acceptable 
level  of  agreement  exists  from  upstream  of  the 
contraction  to  X/H  =  1  and  from  X/H  =  10  to  the  limit 
of  the  centerline  investigation  downstream  of  the 
contraction.  The  discrepancies  between  the 
experimental  and  numerical  results  are  obvious  in  the 
region  1<X/H<10,  where  the  experimental  centerline 
velocity  decays  more  rapidly  than  the  numerical  to  the 
minimum  value  at  X/H  =3  and  then  increases  to 
coincide  with  the  numerical  profile  at  X/H  =  10  for  the 
three  Reynolds  numbers  considered. 
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Fig.  10:  Comparison  of  experimental  and  numerical 
data  for  (a)  mean  velocity  profiles  upstream  of  sudden 
contraction  (b)  streamwise  centerline  velocities. 


4  CONCLUSION 

The  influence  of  Reynolds  number  on  the  nature  of 
flow  in  the  vicinity  of  sudden  contraction  indicated 
independence  of  turbulence  intensity  on  Reynolds 
number  immediately  before  and  after  the  plane  of 
contraction.  Laminarisation  was  seen  to  persist  for  the 
range  of  Reynolds  numbers  considered  in  this  region. 
As  the  distance  X/H  increases  from  the  step  upstream 
and  downstream  of  contraction  for  any  given 
Reynolds  number,  the  value  of  the  turbulence  intensity 
increases,  reaching  an  asymptotic  state  already  at  X/H 
=_5  upstream  of  the  contraction,  but  requiring  a 
longer  recovering  length  downstream  of  the 
contraction.  The  comparison  between  the 
experimental  and  numerical  results  showed  an 
acceptable  level  of  agreement.  The  area  of 
discrepancies  between  these  results  may  be  associated 
with  the  assumptions  of  the  turbulence  model  and  the 
refinement  of  the  grid  immediately  downstream  of  the 


plane  of  contraction.  Therefore,  efforts  should  be 
made  to  resolve  these  discrepancies  by  accounting  for 
low  Reynolds  number  effects  on  the  turbulence  model 
and  further  refining  the  grid  downstream  of  the 
contraction. 
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ABSTRACT 

A  temporal  data  of  instantaneous  velocity  profile  of  a 
two-dimensional  backward-facing  step  flow  was  measured 
by  multi-point  LDV,  and  was  discussed  with  a  special  focus 
on  the  details  of  the  motion  of  the  separated  shear  layer  and 
the  phenomena  of  reattachment.  As  a  result,  the 
instantaneous  velocity  profile  was  found  to  be  very  different 
from  the  time-averaged  velocity  profile.  The  dividing  stream 
line  oscillates  because  of  vortex  concentration  in  the 
separated  shear  layer.  The  phenomenon  of  reattachment  was 
seen  to  follow  two  patterns,  one  when  the  separated  shear 
layer  reattaches,  the  other  when  the  separated  shear  vortex 
reattaches. 

1.  INTRODUCTION 

Experiments  have  been  performed  to  study  the  flow 
structure  around  the  reattachment  region  behind  a  two- 
dimensional  backward-facing  step  with  a  turbulent  shear 
layer  (Eaton  et  al.  1981  and  Armly  et  al.  1983).  This  flow 
field  exhibits  a  three-dimensional,  unsteady  structure 
involving  oscillation  of  the  reattachment  point  and  the  large 
scale  vortex  (Eaton  et  al.  1980).  Very  few  other  studies  on 
this  configuration  have  been  performed  with  the  aim  of 
investigating  the  unsteady  structure  of  the  flow  field. 
Hijikata  et  al.  (1991)  visualized  the  pressure  field  in  a 
backward-facing  step  using  a  holographic  method  and 
velocity-pressure  cross-correlation.  They  clarified  that  the 
motion  of  the  high  cross-correlation  region  corresponds  to 
the  motion  of  the  pressure  fluctuation  lumps  obtained  in  the 
holographic  visualization.  By  direct  numerical  simulation, 
Hungel  et  al.  (1997)  have  shown  that  the  fluctuation  in  the 
reattachment  location  was  caused  by  a  large-scale  roll-up  of 
the  shear  layer  extending  to  the  reattachment  region,  which 
is  composed  of  many  small  counter-rotating  vortices.  In 
terms  of  spatial  measurement,  Kasagi  and  Matsunaga  (1995) 


measured  velocity  vector  using  a  3-D  PTV,  then  calculated 
detailed  turbulence  statistics  and  an  energy  budget. 

As  mentioned  above,  many  studies  have  shown  show 
that  the  three-dimensional  flow  structure  caused  by  the 
transformation  of  the  shear  layer  vortex  governs  the  fluid 
dynamics  near  the  reattachment  region.  However,  none  of 
these  studies  provided  quantitative  experimental  data  on  the 
three-dimensional  flow  structure.  This  lack  of  quantitative 
data  was  a  result  of  the  absence  of  a  method  of  measurement 
for  spatial  and  temporal  velocity  distributions  over  an 
unsteady,  three-dimensional  flow  field.  Measuring 
simultaneous  and  spatial  velocity  profiles  a  cross  the 
dividing  stream  line  in  the  separated  shear  layer  is  especially 
important  for  clarifying  the  process  of  vortex  concentration, 
shedding  of  large-scale  vortices  and  vortex  deformation  near 
the  reattachment  point.  Up  to  now,  there  exist  several 
methods  for  measuring  multi-point  velocity,  for  example, 
ultrasonic  velocity  profile  method  (Takeda  1991),  the 
particle  image  velocimeter  (Sakakibara  et  al.  1993),  and 
others.  But  these  methods  have  limitation  in  terms  of 
sampling  interval  and  spatial  measurement.  We  developed 
the  advanced  multi-point  LDV  using  a  1-bit  FFT  approach 
that  had  been  described  in  a  previous  paper  (Hachiga  et  al. 
1998),  and  were  able  to  improve  the  measurement  of  reverse 
flow  in  the  present  study.  We  accumulated  the  instantaneous 
velocity  profile  by  setting  up  this  LDV  system  spatially  in 
the  flow  field  and  considering  the  flow  structure  of  the  2-D 
backward-facing  step.  We  paid  particular  attention  to 
clarifying  the  fluid  flow  motion  of  the  separated  shear  layer 
and  the  phenomenon  of  reattachment. 

2.  EXPERIMENTAL  APPARATUS 

2.1  Backward-Facing  Step 

The  flow  field  and  coordinate  system  are  shown  in 
Fig.l.  The  closed-loop  water  channel  used  in  this  experiment 
has  a  working  section  of  240  X  60mm  in  cross-sectional  area 


22.2.1 


and  2300mm  in  length.  The  backward-facing  step  (with  a 
step  height  h  of  20mm)  was  formed  below  the  floor  plate  at  a 
point  250mm  downstream  from  the  construction  nozzle  exit. 
The  expansion  ratio  is  ER=1.5,  and  the  aspect  ratio  is 
AR=12.  The  main  flow  velocity  is  fixed  at  Uc= 0.25m/s  in  all 
experiments  (Reynolds  number  of  ReA=5000).  The 
turbulence  intensity  of  the  main  flow  is  Tu=0.6%.  The 
distribution  of  w-component  mean  velocity  upstream  of  the 
step  is  in  agreement  with  Blaussius  theory.  The  boundary 
thickness  upstream  of  the  step  is  about  4.6mm. 

2.2  LDV  system 

A  velocity  profile  was  measured  by  an  advanced 
multi-point  LDV  system  which  was  reported  in  a  previous 
paper  (Hachiga  et  al.,  1998).  For  measuring  the  backward- 
facing  step  flow,  this  LDV  has  been  improved  on  two  points 
mentioned  below.  One  is  that  this  LDV  can  measure  reverse 
flow  by  double  Brugg  cell  system  and  another  one  is  that  can 


Fig.  1  Experimental  apparatus 
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be  measure  simultaneous  24-point  data. 

The  optical  system  of  this  LDV  is  shown  in  Fig.2. 
This  LDV  is  made  very  compact  by  using  semiconductor 
laser  with  a  maximum  power  of  40mW  and  a  wavelength  of 
685nm,  and  optical  fiber  unit  with  96  plastic  fibers  with  a 
diameter  of  <f>  0.25mm.  Two  Brugg  cells  are  used  to 
introduced  frequency  shifts  of  80MHz  and  79.9MHz 
respectively.  Therefore  Doppler  burst  signal  is  shifted 
0.1MHz,  and  it  is  possible  that  reverse  flow  is  measured. 
Two  Brugg  cells  role  like  a  beam  splitter  by  using  two 
shifted  beam.  After  two  shifted  beam  are  detached  by  two 
mirrors,  these  beam  are  deformed  to  a  fan-like  shape  by  rod 
lens.  Non-shifted  beam  is  cut  before  this  rod  lens.  The 
process  after  two  shifted  laser  beam  of  fan-like  shape  are 
made  into  rectangular-like  light  sheet  by  cylindrical  lens  is 
similar  to  the  process  in  the  previous  paper. 

The  hardware  system  block  diagram  of  an  advanced 
multi-point  LDV  used  in  the  present  study  is  shown 
schematically  in  Fig.4.  The  hardware  system  was  modified 
that  24-point  scattered  light  signal  could  be  measure 
simultaneous  as  mentioned  above.  A  scattered  light  signal  is 
converted  into  an  individual  Doppler  burst  signal  by  Si-APD. 
This  signal  is  digitized  to  one  bit  using  a  comparator.  The 
raw  one-bit  data  sampling  frequency  is  250KHz,  and  the 
velocity  data  sampling  interval  is  about  1.024ms  with 
frequency  analysis  by  FFT  of  256  points.  Therefore,  data 
sampling  rate  is  about  976/s.  The  data  processing  is  similar 
to  that  performed  in  the  previous  paper  (Hachiga  et  al., 
1998).  In  present  study  a  lack  of  data  is  interpolated  by 
adjacent  measuring  point  in  spatial.  The  rate  of  capture  for 
temporal  velocity  data  in  all  experimental  data  is  over  70%. 
The  spatial  resolution  of  each  point  set  up  in  the  x-z  plate  is 
0.22  x  1  40mm  from  cross  angle  of  the  laser  light  sheet,  and 
of  those  in  they  plate  it  is  <t>  0.24mm,  which  corresponds  to 
the  core  diameter  of  the  receiving  optical  fiber.  In  this 
experiment,  the  optical  fiber  for  measurement  is  selected  24- 
point  out  of  96-point,  and  the  distance  between  adjacent 
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Fig.  2  Optical  system 


Fig.  3  Hardware  system  block  diagram 
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measuring  points  is  1mm.  Besides  about  seeding, 
polystyrene  particles  of  5  U  m  in  mean  diameter  were  used 
as  the  tracer  particles  for  measuring  of  velocity. 

3.  Results  and  Discussion 

3.1  Instantaneous  velocity  profile 

Typical  time  series  velocity  profiles  at  x/h=3  and 
x/h=6  are  shown  in  Fig.4.  Each  profile  interval  is  0.5  in 
dimensionless  time  tUc/h  (about  40msec)  and  the  dotted 
lines  mean  0  point  of  each  profile.  The  distribution  of  u- 
component  mean  velocity  and  turbulent  intensity  behind  the 
step  which  calculated  by  these  velocity  profile  is  shown  in 
Fig.5.  In  this  figure  the  dotted  line  represents  the  time- 
averaged  dividing  stream  line.  Each  distribution  is  in  good 
agreement  with  the  other  previous  studies.  The  time- 
averaged  reattachment  length,  determined  by  the  fraction  of 
forward  flow  at  y/h=0.05,  is  **=6.0  in  this  experimental 


Fig.  4  Typical  time  series  velocity  profiles  at  x/h=3  and 
xlh=6 
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Fig.  5  Distribution  of  mean  u-component  velocity  and 
turbulent  intensity 


apparatus. 

Contour  maps  of  instantaneous  u-component  velocity 
are  shown  in  Fig.6,  where  velocity  is  measured  at  streamwise 
locations  of  x/h=l-10.  The  measuring  point  of  the  bottom  is 
where  y//;=0.05  and  the  top  is  where  y/h=1.15,  therefore  the 
measuring  width  is  22mm.  The  interval  between  the  each 
measuring  points  is  1mm.  Time  progresses  from  left  to  right. 
Atx/h=l,  an  oscillatory  motion  of  the  separated  shear  layer, 
caused  by  shear  vortex  concentration,  can  be  observed. 
Under  the  step  height,  the  flow  is  almost  stagnated. 
Specifically,  the  flow  direction  is  negative  at  y/7i=0.4-0.8, 
and  the  flow  direction  is  only  slightly  positive  at  y/h<0.3 
near  the  step  wall.  In  the  vicinity  ofy/h>0.8  in  the  separated 
shear  layer,  the  flow  direction  is  seen  to  change  periodically 
due  to  the  shear  vortex  concentration,  which  is  the  stripe¬ 
shaped  structure  in  this  figure.  At  x/h=2,  the  velocity 
distribution  of  the  separated  shear  layer  is  almost  identical  to 
that  at  x/h= 1.  However,  the  structure  in  the  separation 
bubble  at  x/h=2  is  different  from  that  at  xlh=l  on  toe  points 
mentioned  below,  the  stripe-shaped  structure,  which  forms 
the  dark  red  section  of  the  figure,  grows  as  the  separated 
shear  vortex  increases,  and  the  flow  direction  near  the  step 
wall  is  almost  negative. 

The  governing  frequency  of  velocity  fluctuation  in  the 
separated  shear  layer  from  x/h= 1  to  x/h=2  is  about  3Hz.  This 
fluctuation  is  caused  by  the  concentration  of  the  shear  vortex. 
But  the  governing  frequency  can  not  be  observed  clearly 
between  the  location  atx/h=3  and  at  x/h=6,  and  it  disappears 
at  the  downstream  of  the  reattachment  region.  This  means 
that  it  is  difficult  to  extract  the  periodicity  from  the  velocity 
fluctuation  as  measured  at  only  one  point  in  the  measuring 
area,  because  the  boundary  region  between  forward  flow  and 
reverse  flow  is  largely  oscillating  at  the  downstream  ofx/h=3, 
as  seen  in  the  figure. 

The  separated  shear  layer  with  vortex  concentration  is 
largely  oscillating  with  the  increasing  reverse  flow  in  the 
separation  bubble.  The  forward  flow  of  the  stripe-shaped 
structure  from  the  separated  shear  layer  is  inclined  to 
streamwise  and  reaches  the  step  wall  more  and  more 
frequently.  Time  of  forward  flow  in  succession  is  longer  at 
the  step  wall  than  upstream.  This  fluid  motion  indicates  the 
dynamic  phenomena  of  reattachment.  A  larger  reverse  flow 
is  detected  at  ylh= 0.3-0.8  than  near  the  wall.  It  is  not  clear 
that  this  phenomena  is  caused  by  separated  shear  vortex  or 
by  another  factor.  This  reverse  flow  is  not  detected 
downstream  of  the  reattachment  region  x/h=6,  only  near  the 
wall.  A  structure  of  the  stripe-shaped  structure,  that  is 
detected  at  x/h=l,  is  not  detected  at  the  downstream  of  x/A=7. 
On  the  other  hand,  large-scale  velocity  fluctuation  of 
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forward  flow  is  detected  over  the  measuring  cross-section. 

It  can  be  seen  a  phenomenon  of  reattachment  from  a 
behavior  of  reverse  flow  near  the  step  wall  around  the  time- 
averaged  reattachment  region.  The  area  ©  in  Fig.6  (e)  shows 
a  flow  motion  that  the  separated  shear  layer  reattaches  to  the 
step  wall.  It  is  found  clearly  that  the  separated  shear  flow 
which  approach  to  the  step  wall  reattaches  maintaining 
velocity  gradient  with  increasing  a  reverse  flow  near  the  step 
wall.  The  area  ©  in  Fig.6  (f)  shows  a  flow  motion  that  the 
separates  shear  vortex  reattaches  to  the  step  wall.  It  should 
be  noted  that  reverse  flows  are  detected  at  two  region  at  the 
same  time,  near  the  wall  and  at  y/h=0.5,  as  shown  in  this 
velocity  profile.  This  phenomenon  is  suspected  to  result 
from  the  reattachment  of  the  separated  shear  vortex.  Up  side 
reverse  flow  is  caused  by  the  separated  shear  vortex,  and 
down  side  reverse  flow  occurs  because  of  the  reattachment 
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Fig.  6  Contour  maps  of  instantaneous  velocity  at  each 
streamwise  location 


point  downstream  from  the  measuring  point. 

As  mentioned  above,  the  phenomenon  of 
reattachment  have  two  patterns.  One  is  the  case  that 
separated  shear  layer  reattaches  and  the  other  one  is  the  case 
that  separated  shear  vortex  reattaches. 

In  this  experiment,  continuous  time  over  of 
measurements  of  velocity  profile  is  4.2msec.  If  there  is  large 
scale  fluctuation  in  the  flow  dynamics  beyond  this 
measuring  time,  it  is  impossible  for  the  frequency  of  this 
fluctuation  to  be  detected.  Fig.7  shows  another  two  contour 
maps  of  instantaneous  velocity  profile  atx//i=3  (  (a)  and  (b)  ) 
where  instability  is  seen  to  be  increase  and  at  x/h= 6  (  (c)  and 
(d)  )  where  is  time  averaged  reattachment  region,  in  order  to 
check  whether  there  is  large  scale  fluctuation  in  the  flow 
field.  At  x/h= 3,  the  extent  of  boundary  region  between 
forward  flow  and  reverse  flow  is  similar  to  that  all  profile, 
else  but  a  forward  flow  reaches  the  step  wall  in  profile  (a)  at 
nearly  tUc/h=50.  Therefore,  there  is  no  typical  large  scale 
fluctuation  atx/h=3.  But  at  x/h=6,  the  flow  field  is  unsteady 
because  of  the  reattachment  region,  there  is  a  possibility  that 
large  scale  fluctuation  exists  in  this  region. 

3.2  Spatial  correlation 

To  clarify  the  flow  structure  of  the  separated  shear 
layer,  a  two-point  correlation  of  velocity  fluctuation  in  space 
is  given  by  the  following  formula, 
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Fig.  7  Contour  maps  of  instantaneous  velocityat 
x!h= 3  and  xlh= 6 
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where  r  is  a  lag  time,  and  yx  and  y2  are  the  vertical  locations 
of  a  fixed-point  and  a  moving-point,  respectively.  In  Fig.8,  a 
two  point  correlation  map  of  each  streamwise  location  are 
shown,  with  a  fixed-point  located  at  y/h= 1.0  corresponding 
to  the  step  height.  Solid  and  dotted  line  contours  represent 


positive  and  negative  signs,  respectively.  The  interval 
between  contours  is  set  at  0.1.  At  xlh= 2,  the  positive  high 
correlation  area  around  the  fixed-point  is  relatively  small, 
and  a  negative  correlation  area  is  detected  around  y/h= 0.8. 
This  means  that  the  velocity  fluctuation  in  the  separated 
shear  layer  and  in  the  separation  bubble  are  correlated  with 
180°  out-of-phase.  A  correlation  at  y/h= 1.0  means  auto¬ 
correlation,  and  fluctuation  is  relatively  frequent  so  that  the 
negative  correlation  region  appears  rUc  /  h  =  3.  It  is 
difficult  to  detect  this  periodical  motion  downstream  of 
x/h= 3,  as  mentioned  above. 

The  positive  high  correlation  area  of  Rm> 0.4  around  a 
fixed-point  remains  roughly  at  the  same  size  until  x/h= 5. 
At  the  downstream  of  x/h= 6,  this  area  gets  gradually  larger. 
As  a  whole,  much  as  positive  correlation  area  approach  to 
the  step  wall ,  it  is  suspected  that  the  flow  structure  does  not 
change  at  the  upward  of  separated  shear  layer  as  the  flow 
proceeds  downstream  to  the  reattachment  region,  and  the 
flow  structure  changes  downstream  around  reattachment 
region. 

As  the  flow  proceeds  downstream,  the  positive  high 
correlation  region  become  to  incline  because  a  correlation 
under  step  height  is  more  larger  at  some  lag-time  with  vortex 
growing  up.  As  shown  in  figure  of  contour  maps  of  velocity 
profile,  the  correlation  map  indicates  that  a  stripe-shaped 
area  among  two  vortices  passes  a  measuring  cross  section 
with  inclining  to  streamwise  direction.  The  angle  of  this  flow 
structure  becomes  slightly  larger  until  x/h-6.  A  negative 
correlation  region  is  detected  near  the  step  wall  at  x/h= 7. 
This  correlation  means  that  there  is  a  large  scale  structure 
corresponding  to  the  step  height  after  the  reattachment 
region. 

33  Dividing  stream  line 

Temporal  variation  of  dividing  stream  line  are  shown 
in  Fig.9  (correspond  to  Fig.6(a)-(f)  )  with  the  boundary  point 
of  instantaneous  velocity  between  forward  flow  and  reverse 
flow  that  is  furthest  from  the  step  wall  (hereafter,  this  point 
will  be  referred  to  as  the  0  velocity  point),  so  that  the  motion 
of  the  separated  shear  layer  with  the  vortex  concentration  is 
clear.  The  dividing  stream  line  is  defined  as  the  point  at 
which  the  integrated  value  of  the  instantaneous  velocity  from 
the  step  wall  upward  changes  from  minus  to  plus  at  first  as 
follow  dividing  stream  line  definition.  Note  that  there  are 
several  velocity  profiles  for  which  it  is  difficult  to  calculate 
the  dividing  stream  line.  For  example,  atx/h=l,  there  exists  a 
“dividing  stream  line”  in  the  separation  bubble  because  the 
flow  direction  is  forward  near  the  step  wall.  Although  this 
profile  includes  these  problematic  points,  the  motion  of  the 
separated  shear  layer  is  still  represented  well. 
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At  xjh- 2-3,  the  dividing  stream  line  oscillates  around 
y/h= l  in  the  separated  shear  layer.  The  interval  between  the 
dividing  stream  line  and  the  0  velocity  point  becomes 
narrow  when  the  0  velocity  point  and  the  dividing  stream 
line  go  down  immediately.  This  means  that  the  reverse  flow 
in  the  separation  bubble  becomes  slow  when  a  forward  flow 
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Fig.  9  Temporal  variation  of  the  dividing  stream  line 
(•)  and  boundary  point  between  forward  flow  and 
reverse  flow  (O) 


simultaneously  enters  the  separation  bubble  from  the 
separated  shear  layer.  This  phenomenon  of  the  dividing 
stream  line  immediately  going  down  can  also  be  observed  at 
y/h=A.  The  interval  between  the  0  velocity  point  and  the 
dividing  stream  line,  which  represents,  so  to  speak,  a 
thickness  of  the  separated  shear  layer,  it  grows  gradually 
larger  as  the  flow  proceeds  downstream  to  x/h= 3.  The 
thickness  remains  unchanged  in  spite  of  the  oscillation  of  the 
separated  shear  layer.  The  time  averaged  dividing  stream  line 
approaches  the  step  wall  gradually. 

At  xlh-A-5,  there  is  a  tendency  that  the  dividing 
stream  line,  that  is  oscillating  around  y/h- 0.5-0.8  for  some 
time  to  approaches  the  step  wall  immediately.  When  the 
dividing  stream  line  can  not  be  detected  for  a  time,  this 
means  that  the  dividing  stream  line  reattaches  to  the  step 
wall  behind  the  measuring  point.  The  velocity  at  which  the 
dividing  stream  line  descend  to  the  step  wall  is  about 
100mm/s.  After  this  reattachment,  the  dividing  stream  line 
ascend  immediately  to  03-0.8fc  from  the  step  wall.  These 
flow  dynamics  mean  that  the  instantaneous  reattachment 
point  moves  to  the  downstream  of  the  measuring  point 

At  x/h= 6,  the  oscillations  at  y/h=0.5-0.8  of  dividing 
stream  line  that  appeared  show  at  x/h= 4,5  are  not  detected. 
Much  as  an  approach  to  the  step  wall  of  dividing  stream  line 
is  detected  as  approach  to  the  separated  shear  layer,  there  is  a 
tendency  for  the  dividing  stream  line  to  immediately  ascend 
to  y//z=0.5-0.8  from  the  step  wall  and  to  reattach  after  5 
times  in  dimensionless  time  (about  400msec). 

The  probability  density  of  the  dividing  stream  line  for 
each  streamwise  location  are  shown  in  Fig.10.  As  mentioned 
above,  it  must  be  noted  that  the  dividing  stream  lines  are 
detected  in  the  separation  bubble  atx/h=l-2  as  a  result  of  the 
velocity  profile  in  which  it  is  difficult  to  define  the  dividing 
stream  line.  The  oscillation  width  of  the  dividing  stream  line 
is  limited  near  the  separated  shear  layer  until  the  point  where 
x/h=3.  This  width  becomes  larger  as  the  flow  proceeds 
downstream  from  the  step  wall  to  upper  side  of  the  separated 
shear  layer.  The  highest  peak  is  on  the  time-averaged 
dividing  stream  line  at  x/k=l-2,  but  there  is  a  slight  down 
side  at  x/h=3.  Two  peaks  appear  at  x/h=5,  where  the  time- 
averaged  dividing  stream  line  is  on  a  saddle  of  two  peaks. 
The  peak  of  x/h=3,4  is  y/h= 0.8  and  y[h= 0.75  respectively, 
and  upside  peak  oix/h-5  isy/h=0.7,  and  the  vertical  location 
of  these  peaks  are  almost  same.  This  histogram  profile 
means  that  the  dividing  stream  line  that  oscillates  around  the 
time-averaged  dividing  stream  line  approaches  to  the  step 
wall  immediately  as  mentioned  above. 
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Fig.  10  Probability  density  of  the  dividing  stream  line 


4.  Conclusion 

A  temporal  data  of  instantaneous  velocity  profile  from 
the  bottom  to  the  main  flow  behind  a  two-dimensional 
backward-facing  step  was  measured  by  multi-point  LDV, 
and  was  discussed  with  a  special  focus  on  the  details  of  the 
motion  of  the  separated  shear  layer  and  the  phenomena  of 
reattachment. 

As  a  result,  the  instantaneous  velocity  profile  is 
extremely  different  from  the  time-averaged  velocity  profile. 
The  dividing  stream  line  that  was  calculated  in  this  velocity 
profile  oscillates  as  vortex  concentration  in  the  separated 
shear  layer.  But  the  thickness  of  the  separated  shear  layer 
does  not  show  large  oscillation  in  spite  of  the  dividing 
stream  line  oscillation.  The  most  notable  feature  of  the 
dividing  stream  line  oscillation  is  that  the  dividing  stream 
line  that  oscillated  around  the  time-averaged  dividing  stream 
line  approached  to  the  step  wall  immediately. 

The  phenomenon  of  reattachment  have  two  patterns. 
One  is  the  case  that  separated  shear  layer  reattaches  and 
another  one  is  the  case  that  separated  shear  vortex  reattaches. 

5.  Reference 

Armly,  B.  F.,  Durst,  F.,  Pereira,  J.  C.  F.,  and  Schonung,  B., 
“Experimental  and  theoretical  investigation  of  backward- 
facing  step  flow”,  J.  Fluid  Mech.  127(1983),  473-496 

Eaton,  J.,  and  Johnston,  J.  P.,  “Turbulent  flow  retttachment : 
An  experimental  study  of  the  flow  and  structure  behind  a 
backward-facing  step”,  Rep.  MD-39,  Thermoscience 
Division,  Dept,  of  Mech.  Eng.,  Stanford  University  (1980) 


Hachiga,  T.,  Furuichi,  N.,  Mimatsu,  J.,  Hishida,  K.,  and 
Kumada,  M.,  “  Development  of  multi-point  LDV  by  using 
semiconductor  laser  with  FFT-based  multi-channel  signal 
processing”,  Experimental  in  Fluids  24(1998),  70-76 

Hijikata,  K.,  Mimatsu,  J.,  and  Inoue,  J.,  “A  study  of  wall 
pressure  structure  in  a  backward  step  flow  by  a  holographic  / 
velocity-pressure  cross-correlation  visualization”. 
Experimental  and  Numerical  Flow  Visualization,  128(1991), 
61-68 

Hungel,  Moin,  P.,  and  Kim,  J.,  “Direct  numerical  simulation 
of  turbulent  flow  over  a  backward-facing  step”,  J.  Fluid 
Mech.,  330(1997),  349-374 

Kasagi,  N.,  and  Matsunaga,  A.,  “Tree-dimensional  particle¬ 
tracking  velocimetry  measurement  of  turbulence  statistics 
and  energy  budget  in  a  backward-facing  step  flow”,  Int.  J. 
Heat  and  Fluid  Flow,  16(1995),  477-485 

Sakakibara,  J.,  Hishida,  K.,  and  Maeda,  M.,  “Measurement 
of  thermally  stratified  pipe  flow  using  image-processing 
techniques”,  Experimental  in  Fluids  16(1993),  82-96 

Takeda,  Y.,  “Development  of  an  ultrasound  velocity  profile 
monitor”,  Nuclear  Engineering  and  Design,  126(1991),  277- 
284 


Eaton,  J.,  and  Johnston,  J.  P.,  “A  review  of  research  on 
subsonic  turbulent  flow  reattachment”,  AIAA  J.,  19(1981), 
1092-1100 


22.2.7 


A  NON-NEWTONIAN  TURBULENT  SUDDEN  EXPANSION  FLOW 


A.  S.  Pereira 

Departamento  de  Engenharia  Qui'mica,  Institute  Superior  de  Engenharia  do  Porto 
Rua  de  S.Tome,  4200  Porto  CODEX,  Portugal 

F.  T.  Pinho 

Departamento  de  Engenharia  Mecanica  e  Gestao  Industrial 
Faculdade  de  Engenharia,  Rua  dos  Bragas,  4099  Porto  CODEX,  Portugal 


ABSTRACT 

A  miniaturised  fibre  optic  Laser-Doppler  anemometer 
was  used  to  carry  out  a  detailed  hydrodynamic  investigation 
of  the  flow  downstream  a  sudden  expansion  with  0.1%  to 
0.2%  by  weight  shear-thinning  aqueous  solutions  of 
xanthan  gum. 

Upstream  of  the  sudden  expansion  the  pipe  flow  was 
fully-developed  and  the  xanthan  gum  solutions  exhibited 
drag  reduction  with  the  corresponding  lower  radial  and 
tangential  normal  Reynolds  stresses,  but  a  higher  axial 
Reynolds  stress  near  the  wall  and  a  flatter  axial  mean 
velocity  profile. 

The  recirculation  bubble  length  was  reduced  by  more 
than  20%  relative  to  the  high  Reynolds  number  Newtonian 
flow,  and  this  was  attributed  to  the  higher  levels  of 
maximum  turbulence  and  their  earlier  occurence  in  space 
for  the  non-Newtonian  solutions.  This  happened  as  a  result 
of  the  advection  of  the  upstream  inlet  condition  leading  to 
both  higher  initial  values  of  axial  turbulence  in  the  free 
shear  layer  and  higher  turbulence  production. 


1.  INTRODUCTION 

The  vast  majority  of  turbulent  flow  research  with  non- 
Newtonian  fluids  has  concentrated  on  understanding  wall- 
dominated  flows  with  polymer  solutions  and  more  recently 
surfactants  (Gyr  and  Bewersdorff,  1995),  but  a  better 
knowledge  of  turbulent  flow  behaviour  requires  also  the 
investigation  of  wall-free  flows,  preferably  with  the  same 
fluids.  The  axisymmetric  sudden  expansion  flow  is  easily 
implemented  for  liquid  flows  of  non-Newtonian  fluids  and 
has  been  investigated  in  the  past  by  a  few  researchers.  Pak 
et  al  (1990,1991)  showed  the  influences  of  fluid  viscosity 
and  elasticity  on  the  mean  flow  characteristics  or  Carbopol 
and  Separan  solutions  under  laminar,  transitional  and 
turbulent  flow  conditions,  but  failed  to  report  detailed 
turbulent  measurements  in  the  latter  case.  More  recently, 
Castro  and  Pinho  (1995)  have  mapped  the  mean  and 
turbulent  fields  in  the  sudden  expansion  flow  of  weakly 
elastic  0.4%  and  0.5%  by  weight  aqueous  solutions  of 
Tylose  (molecular  weight  of  6,000  kg/kmole),  which  were 
previously  investigated  by  Pereira  and  Pinho  (1994)  on 
their  fully-developed  turbulent  pipe  flow  chracteristics. 
These  solutions  were  found  to  be  inelastic  in  conventional 


rheometric  shear  tests,  but  showed  drag  reductions  of  less 
than  24%  and  27%  in  turbulent  pipe  flow,  respectively.  In 
the  sudden  expansion  flow  they  yielded  small  variations  in 
the  recirculation  bubble  length  and  reductions  of  the  normal 
Reynolds  stresses  of  up  to  30%,  especially  in  the  tangential 
and  radial  directions. 

The  extension  of  this  research  to  other  fluids  exhibiting 
a  higher  degree  of  elasticity  in  shear  rheological  flows,  and 
higher  levels  of  drag  reduction  in  turbulent  pipe  flow,  such 
as  the  axial  solutions  of  xanthan  gum  tested  by  Escudier  et 
al  (1995)  or  the  CMC  solutions  of  Pinho  and  Whitelaw 
(1990),  are  deemed  necessary  to  enhance  our  understanding 
of  turbulent  flows  of  polymer  solutions  and  constitutes  the 
objective  of  the  present  work. 

In  the  next  section  the  rig  and  instrumentation  are 
described,  and  that  is  followed  by  the  presentation  and 
discussion  of  results.  The  characteristics  of  the  fluids  are 
presented  before  the  hydrodynamic  results  and  the  paper 
ends  with  a  summary  of  the  main  conclusions 


2.  EXPERIMENTAL  SET  UP 

The  flow  configuration  is  similar  to  that  used  in  the 
pipe  flow  experiments  of  Pereira  and  Pinho  (1994)  except 
for  the  test  section  and  the  ensuing  duct  leading  to  the  tank. 
The  installation  consisted  of  a  vertical  closed  loop  with  a 
100  litre  tank  and  a  centrifugal  pump  located  at  the  bottom. 
The  descending  pipe  before  the  test  section  was  26  mm  in 
diameter  and  more  than  90  diameters  long,  leading  to  a 
transparent  sudden  expansion  test  section  from  26  mm  to 
40  mm  in  diameter  and  700  mm  in  length.  Downstream  of 
the  test  section  there  is  a  further  pipe  of  40  mm  diameter 
which  is  fitted  with  a  valve  and  leads  the  flow  to  the  tank. 
The  test  section  is  represented  schematically  in  Fig.  1  with 
the  coordinate  system  and  it  had  a  square  outer  cross 
section  to  reduce  diffraction  of  light  beams.To  help  ensure 
a  fully  developed  flow  at  the  inlet  of  the  sudden  expansion , 
a  honeyconb  was  placed  at  the  inlet  of  the  descending  26 
mm  pipe,  i.e.,  90  diameters  upstream  of  the  sudden 
expansion  plane. 

Fourteen  pressure  taps  were  located  in  the  pipe 
downstream  of  the  sudden  expansion  and  two  taps  were 
drilled  upstream,  in  the  region  of  fully-developed  flow.  One 
of  the  upstream  taps  was  drilled  in  the  perspex  test  section 
whereas  the  other  was  located  in  the  brass  pipe.  The  rising 
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pipe  had  an  electromagnetic  flowmeter  and  two  valves 
which,  together  with  a  bypass  circuit,  allowed  the  flow  rate 
to  be  properly  monitored.  The  connection  between  the  brass 
pipe  and  the  test  section  was  well  done  and  within  the 
machining  tolerances  of  ±  10  pm,  causing  no  detectable 
harm  to  the  flow  condition. 

The  pressure  drop  in  the  sudden  expansion  was 
measured  by  means  of  differential  pressure  transducers 
from  Validyne  (models  P305D)  and  its  output  was  sent  to  a 
computer  via  a  data  acquisition  board  Metrabyte  DAS-8 
interfaced  with  a  Metrabyte  ISO  4  multiplexer,  both  from 
Keithley.  The  overall  uncertainty  of  the  pressure 
measurements  varied  between  1.6%  and  7.2%  for  high  and 
low  pressure  differences,  respectively. 


Fig.  1  -  Schematic  representation  of  the  sudden 
expansion  test  section. 


Table  I  -  Laser-Doppler  characteristics 


Laser  wavelength 

827  nm 

Laser  power 

100  mW 

Measured  half  angle  of  beams  in  air 

3.68 

Size  of  measuring  volume  in  water  (e~^  int.) 

minor  axis 

37pm 

major  axis 

5 50 p.m 

Fringe  spacing 

6.44pm 

Frequency  shift 

2.5  MHz 

For  the  velocity  measurements  a  miniaturised  fiber 
optics  laser-Doppler  velocimeter  from  INVENT,  model 
DFLDA,  similar  to  that  described  by  Stieglmeier  and 
Tropea  (1992),  was  used,  with  a  100  mm  front  lens 
mounted  onto  the  30  mm  diameter  probe.  Scattered  light 
was  collected  by  a  photodiode  in  the  forward  scatter  mode, 
and  the  main  characteristics  of  the  anemometer  are  listed  in 
Table  I  and  described  by  Stieglmeier  and  Tropea  (1992). 
Measurements  of  the  radial  velocity  component  were 
limited  to  the  inner  70%  of  the  pipe  radius  due  to  excessive 
refraction  of  light  beams  outside  that  region. 

The  signal  was  processed  by  a  TSI  1990C  counter 
interfaced  with  a  computer  via  a  DOSTEK  1400  A  card, 
which  provided  the  statistical  quantities.  The  data  presented 
in  this  paper  have  been  corrected  for  the  effects  of  the  mean 
gradient  broadening  and  the  maximum  uncertainties  in  the 


axial  mean  and  rms  velocities  at  a  95%  confidence  level  are 
of  1.0%  and  2.2%  on  axis  respectively,  and  of  1.1%  and 
5.2%  in  the  wall  region.  The  uncertainty  of  the  radial  and 
tangential  rms  velocity  components  is  2.5%  and  5.9%  on 
axis  and  close  to  the  wall,  respectively. 

The  velocimeter  was  mounted  on  a  milling  table  with 
movement  in  the  three  coordinates  and  the  positional 
uncertainties  are  of  ±  200  pm  and  ±  150  pm  in  the  axial  and 
transverse  directions,  respectively. 


3.  FLUID  PROPERTIES 

Water  and  aqueous  solutions  of  xanthan  gum  grade 
Keltrol  TF  from  Kelco,  a  polysaccharide  of  high  molecular 
weight  (2*106  kg/kmol),  at  weight  concentrations  of  0.1% 
and  0.2%  were  used.  This  additive  produced  solutions  of 
higher  elasticity  than  those  of  CMC  of  Pinho  and  Whitelaw 
(1990)  and  Tylose  of  Castro  and  Pinho  (1995),  but  at  the 
same  time  the  solutions  were  more  shear-thinning, 
especially  at  low  shear  rates.  The  polymer  was  dissolved  in 
Porto  tap  water  and  0.02%  by  weight  of  the  biocide  Kathon 
LXE  from  Rohm  and  Haas  was  added  to  help  prevent 
bacteriological  degradation.  The  rheological 
characterisation  was  carried  out  in  the  Physica  MCI 00 
rheometer  implementing  a  double  gap  concentric  cylinder 
geometry. 

The  viscometric  viscosity  of  the  solutions  are  plotted  in 
Fig.  2  together  with  the  curve-fitted  Sisko  model  equation 
(Eq.  1),  whose  parameters  are  listed  in  Table  II. 

V  =  nrefiKfT'1  +  (D 


Table  II-  Sisko  model  parameters  for  Keltrol  solutions  at 
25  °C. _ _ _ 


Solution 

Vref  tPas] 

Tl~  [Pas] 

A,  [s] 

n 

O  O 

10.52 

58.06 

0.0012 

0.001589 

1970 

1900 

0.4299 

0.3434 

To  assess  the  elasticity  of  the  solutions  creep  and 
oscillatory  tests  were  carried  out.  In  the  creep  tests  the  ratio 
of  the  stored  shear  deformation  to  the  total  deformation  of 
the  0.1%  and  0.2%  xanthan  gum  solutions  was  less  than 
0.04%  and  0.15%,  respectively  for  a  range  of  applied 
stresses  between  0.3  and  3  Pa.  In  the  oscillatory  shear  tests 
it  was  not  possible  to  get  reliable  data  for  amplitudes  of 
deformation  below  0.2.  For  this  amplitude  of  deformation 
the  ratio  of  the  storage  to  the  loss  moduli  G  Ig  was  less 
than  0.7  for  the  0.1%  solution  and  about  1  for  the  0.2% 
solution. 

In  spite  of  the  low  elasticity  shown  in  the  rheological 
tests,  these  two  solutions  exhibited  drag  reduction  in 
turbulent  pipe  flow  as  shown  in  Fig.3  .  In  a  pipe  of  26  mm 
and  for  maximum  wall  Reynolds  numbers  of  40,100  and 
28,100,  the  measured  drag  reductions  of  45%  and  59%  for 
the  0.1%  and  0.2%  xanthan  gum  solutions  represent 
overl/2  and  3/4  of  the  maximum  predicted  by  Virk's 
asymptote  (Virk  et  al,  1970).  Note  that  these  values  are 
substantially  higher  than  those  reported  by  Pereira  and 
Pinho  (1994)  for  identical  concentrations  of  Tylose,  but  are 
similar  to  those  of  Pinho  and  Whitelaw  (1990)  for  identical 
concentrations  of  CMC. 
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4.  RESULTS  AND  DISCUSSION 


Five  flow  conditions  were  investigated  in  detail  and 
allowed  the  analysis  of  the  effects  of  Reynolds  number  and 
additive  concentration.  The  Reynolds  number  Re  is  defined 
on  the  basis  of  the  upstream  pipe  flow  characteristics  such 
as  the  upstream  bulk  velocity  and  wall  viscosity.  However, 
for  the  sake  of  comparisons  with  other  works  in  the 
literature,  a  generalised  Reynolds  number  (Eq.  2)  is  also 
recorded  in  Table  IV  which  lists  the  main  characteristics  of 
the  investigated  flows. 


Re 


gen 


pD?U?~n 

K 


(2) 


Fig.  2-  Viscometric  viscosity  of  the  xanthan  gum  solutions 
and  the  corresponding  curve  fitted  Sisko  models.  O  0.1% 
Xanthan  gum,  □  0.2%  Xanthan  gum. 


Fig.  3-  Darcy  friction  factor  as  a  function  of  the  wall 
Reynolds  number  in  a  fully  developed  pipe  flow.  O  0.1% 
Xanthan  gum,  □  0.2%  Xanthan  gum. 


Note  that  Eq.  (2)  requires  the  power  index  n  and 
consistency  index  K  of  the  Ostwald  de  Waele  power  law  fit 
to  the  measured  viscosity  . 


The  largest  Reynolds  number  Re  flows  in  Table  IV 
correspond  to  the  maximum  flow  rate  in  the  rig.  The  Table 
lists  also  the  recirculation  length  L  normalised  by  the  step 
height  h.  To  measure  the  recirculation  length  the  axial 
velocity  was  measured  twice  in  a  fine  grid  around  the 
estimated  location  of  flow  reattachment  and  the  data 
interpolated.  The  nodes  of  this  grid  were  spaced  axially  and 
radially  by  3  mm  and  0.2  mm,  respectively  and  the  overall 
uncertainty  of  the  eddy  size  measurement,  due  to  positional 
and  mean  velocity  uncertainties,  is  better  than  5%. 


Table  IV-  Main  flow  characteristics  of  the  investigated 
_ flows  of  water  and  xanthan  gum  (XG) _ 


Run 

Fluid 

Re 

R62en 

L/h 

1 

water 

133,000 

133,000 

8.64 

2 

water 

50,000 

50,000 

8.47 

3 

0.1%  XG 

19,300 

7,950 

6.61 

4 

0.2%  XG 

26,600 

10,380 

6.42 

5 

0.2%  XG 

19,100 

7,530 

6.64 

4. 1.  Mean  flow 

The  mean  flow  measurements  showed  the  flow  field  in 
all  cases  to  be  similar  in  that  we  could  identify  a  core  flow, 
a  free  shear-layer  downstream  of  the  upstream  wall  pipe,  a 
recirculation  region  delimited  by  the  step,  the  downstrream 
pipe  wall  and  the  shear  layer,  a  reattachment  region  and  a 
redeveloping  boundary  layer,  in  accordance  to  the  flow 
field  definition  of  Pronchick  and  Kline,  (1983). 

Our  measurements  with  water  compare  well  in  all 
respects  with  data  from  the  literature  pertaining  to 
Newtonian  fluids.  In  particular  the  normalised  recirculation 
lengths  plotted  in  Fig.  4  are  in  good  agreement  with  data 
from  other  researchers,  especially  the  values  measured  by 
Khezzar  (1985),  although  a  small  expansion  ratio  effect  in 
the  slightly  normalised  eddy  sizes  for  the  lower  expansion 
ratios  is  observed.  Note  also  that  the  values  are  very  similar 
to  those  measured  by  Castro  and  Pinho  in  1995. 

Quite  unexpected,  considering  previous  non-Newtonian 
measurements  from  the  literature,  is  the  shorter 
recirculation  observed  with  the  xanthan  gum  solutions.  To 
the  authors  knowledge  there  has  been  only  two 
investigations  of  this  quantity  and  their  results,  together 
with  the  present  measured  lengths,  are  plotted  in  Fig.  5.  So 
far  it  was  thought  that  polymer  solutions  of  non-Newtonian 
rheology  would  exhibit  unchanged  or  longer  eddy  sizes  in 
comparison  to  the  Newtonian  values,  at  identical  Reynolds 
numbers,  but  this  work  shows  that  shorter  bubbles  can  also 
occur. 

As  we  shall  see  below  the  different  behavior  can  be 
explained  by  the  turbulent  flow  field,  especially  by  the 
location  and  magnitude  of  the  maximum  normal  Reynolds 
stresses.  However,  before  analysing  in  detail  the  flow 
downstream  of  the  expansion  it  is  convenient  to  assess  well 
the  inlet  flow  condition. 

Pressure  gradients  measured  between  the  two  upstream 
pressure  taps  were  in  agreement  with  the  measured  pressure 
gradients  obtained  for  the  same  fluid  flow  in  the  pipe  flow 
rig  described  in  Pereira  and  Pinho  (1994).  Fig.  6-a)  shows 
the  fully  developed  radial  profiles  of  the  mean  axial 
velocity  u  in  the  pipe  upstream  of  the  sudden  expansion. 
The  velocities  were  normalised  by  the  maximum  velocity 
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and  the  profiles  at  higher  Reynolds  numbers  are  flatter  than 
those  pertaining  to  lower  Reynolds  number  flows.  The 
mean  and  turbulent  Newtonian  velocity  profiles  are  in 
agreement  with  those  of  the  literature  (Laufer,  1954  and 
Lawn,  1971),  thus  confirming  a  fully  developed  flow 
condition  at  the  inlet  of  the  expansion. 


Pier  4-  Normalised  recirculation  length  for  Newtonian 
fluids.  O  Khezzar  (1985)  D/d= 1.749;  X  Pak  et  al  (1990) 
D/d=  2.0;  A  Pak  et  al  (1990)  D/d=  2.667;  ■  Castro  and 
Pinho  (1995)  D/d=  1.538;  •  Present  work  D/d=  1.538. 


Fig.  5-  Normalised  recirculation  length  for  non-Newtonian 
fluids.  Pak  et  al  (1990)  D/d=2.667:  O  Carbopol  5000ppm, 
©  Carbopol  15000  ppm;  Pak  et  al  (1990)  D/d=2.0:  A 
Separan  200  ppm,  V  Separan  1000  ppm;  Castro  and  Pinho 
(1995)  D/d=  1.538:  ▲  0.4%  Tylose.T  0.5%  Tylose; 
Present  work  D/d=  1.538:  •  0.1%  Xanthan  gum,  ■  0.2% 


Xanthan  gum. 


The  profiles  for  the  0.1%  Xanthan  gum  solution  at  Re= 
19,300  and  the  0.2%  Xanthan  gum  solution  at  Re=  26,600 
are  flatter  than  any  of  the  Newtonian  profiles,  in  spite  of 
their  higher  Reynolds  numbers.  In  our  view  this  helps  to 
explain  the  observed  shorter  recirculation  bubble,  as  we 
shall  see  below. 


The  non-Newtonian  turbulent  velocity  profiles  in  Figs. 
6-b)  to  -d)  are  typical  of  fluids  which  exhibit  drag 
reduction.  Both  transverse  turbulence  intensities  (v'  and  w’) 
are  considerably  dampened  in  relation  to  that  of  their 
Newtonian  counterparts,  especially  when  we  take  into 
account  that  a  reduction  in  the  Reynolds  number  in  fully- 
developed  pipe  flow  is  equivalent  to  an  increase  in  the 
turbulence  (compare  data  for  Newtonian  flows  at 
Re=50,000  and  Re=  131,000).  However,  the  axial 
turbulence  of  the  xanthan  gum  solutions  is  only  slightly 
reduced  in  the  central  part  of  the  pipe  whereas  near  the  wall 
the  maximum  turbulence  becomes  considerably  higher  than 
for  Newtonian  fluids.  This  different  behaviour  means  that 
there  is  decoupling  between  the  axial  and  transverse 
turbulence  which  explains  the  reduced  friction. 

Fig.  7  shows  radial  profiles  of  the  axial  mean  velocity 
at  various  axial  planes  downstream  of  the  expansion.  Near 
the  expansion  (x/d=0.25  to  0.75)  the  flow  of  the  non- 
Newtonian  solutions  have  a  flatter  profile  in  the  core  and 
higher  negative  velocities  within  the  recirculation  region, 
consequently  they  exhibit  a  stronger  shear  layer.  This 
feature  is  especially  relevant  as  it  contributes  to  higher 
turbulence  production  and  higher  levels  of  turbulence  in  the 
free  shear  layer,  as  will  be  shown  in  the  next  section.  It  is 
also  worth  mentioning  that  the  ratio  of  the  velocity  on  axis 
to  the  bulk  velocity  increases  until  about  x/D=  0.5  to  1.0, 
with  that  effect  more  pronounced  with  the  Newtonian  fluid 

As  the  flow  proceeds  further  downstream  the  mean 
velocity  of  all  solutions  seem  to  collapse,  but  we  continue 
to  observe  anticipated  features  for  the  non-Newtonian  flows 
in  space  relative  to  the  water  flows. 


4.  2.  Turbulent  flow 

Table  V  shows  the  maximum  values  of  the  normalised 
normal  Reynolds  stresses  and  of  the  turbulent  kinetic 
energy.  Note  that  the  maximum  normal  stresses  do  not 
occur  at  the  same  location,  therefore  their  sum  does  not 
yield  the  maximum  kinetic  energy.  Everywhere  else  in  the 
flow  field,  the  axial  Reynolds  stress  is  always  the  highest 
turbulent  stress  followed  by  the  tangential  and  then  the 
radial  components. 


Table  V-  Maximum  values  of  the  normal  Reynolds  stresses 


Run 

ulJul 

*4 xAa2 

vLxAa2 

4a xM2 

1 

0.0495 

0.0324 

0.0227 

0.0513 

2 

0.0440 

0.0271 

0.0221 

0.0480 

3 

0.0417 

0.0312 

0.0195 

0.0461 

4 

0.0552 

0.0337 

0.0242 

0.0556 

5 

0.0470 

0.0333 

0.0225 

0.0505 

It  is  clear  that  a  reduction  of  the  Reynolds  number,  at 
low  Reynolds  numbers,  leads  to  lower  maximum 
turbulence  whereas  an  increase  in  polymer  concentration 
increases  it.  For  instance,  the  0.2%  xanthan  gum  at  Re  of 
26,600  has  maximum  values  of  the  axial  Reynolds  stress 
10%  higher  than  that  of  the  water  flow  at  Re  of  133,000 
and  about  half  that  for  the  other  two  components  of 
turbulence. 
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The  whole  turbulent  flow  field  is  shown  in  the  contour 
plots  of  the  normalised  axial,  tangential  and  radial  normal 
Reynolds  stresses  of  Figs.  8, 9  and  10,  respectively..  At  first 
look  the  various  plots  look  identical,  but  closer  inspection 
shows  the  following  differences:  the  non-Newtonian 
solutions  develop  the  maximum  Reynolds  stresses  earlier  in 
space  than  the  Newtonian  flows  and  for  some  cases  those 
quantities  attain  higher  values  as  pointed  out  above.  Then, 
on  moving  downstream  the  Reynolds  stresses  of  the  non- 
Newtonian  solutions  decay  at  a  faster  rate  than  those  of  the 
Newtonian  flows,  and  this  is  particularly  clear  for  the 
radial,  and  less  so  for  the  tangential  components.  Some  of 
these  differences  could  be  better  observed  with  x-y  plots 
but  these  had  to  be  ommitted  for  reasons  of  space. 

Initially  we  would  think  that  a  stronger  turbulence 
dampening  of  the  Reynolds  stresses  of  these  drag  reducing, 
non-Newtonian  fluids  would  lead  to  longer  recirculation 
lengths,  a  result  which  would  agree  with  the  literature  data 
in  Fig.  5,  but  instead  a  reduction  in  eddy  size  was 
measured. 

The  mean  and  turbulent  velocity  plots  show  that  the 
xanthan  gum  solutions  initially  develop  turbulence  in  the 


shear  layer  at  a  faster  rate  than  the  Newtonian  flows,  and 
reach  higher  values  of  the  maximum  Reynolds  stresses, 
whereas  the  strong  dampening  of  turbulence,  especially  of 
its  transverse  components,  becomes  effective  in  lowering 
the  Reynolds  stresses  below  the  Newtonian  level  at  the  end 
of  the  reattachment  and  in  the  flow  redevelopment  regions 
only.  This  pronounced  effect  of  the  polymer  additive  upon 
tranversal  turbulence  has  been  observed  before  in  sudden 
expansion  free-shear  layers  with  Tylose  solutions  (Castro 
and  Pinho,  1995)  and  in  jets  with  polyacrilamide  and 
polyethylene  oxide  solutions  (Berman  and  Tan,  1985)  and 
is  also  typical  of  wall  dominated  turbulent  flows. 

This  apparent  contradiction  is  explained  as  follows:  the 
faster  increase  of  turbulence  in  the  free  shear  layer 
observed  with  the  xanthan  gum  solutions  is  consistent  with 
differences  measured  in  the  fully-developed  pipe  inlet 
condition.  The  flatter  axial  mean  velocity  profiles  of  the 
xanthan  gum  solutions  (Fig.  6)  lead  to  higher  mean  velocity 
gradients  in  the  free  shear  layer  (Fig.  7).  The  Reynolds 
shear  stress  was  not  measured  but  it  is  expected  that  in  the 
upstream  pipe  it  will  be  lower  than  for  the  Newtonian  fluids 
because  of  the  axial-transverse  turbulence  decoupling  typi- 


Fig.  6-  Radial  profiles  of  normalised  mean  and  turbulent  velocities  at  x/d=0.25  upstream  of  the  expansion.  X  water  Re=  50,000;  + 
Water  Re=  131,000  ;  O  0.1%  Xanthan  gum  Re^  19,300;  A  0.2%  Xanthan  gum  Rew=  19,100;  ▲  0.2%  Xanthan  gum  Rew= 
26,600.  a)  Axial  mean  velocity;  b)  Axial  rms  velocity;  c)  Radial  rms  velocity;  d)  Tangential  rms  velocity. 
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Figs.  8-  Countour  plots  of  the  normalised  axial  normal  Reynolds  stress,  a)  water  Re=  133,000;  b)  water  Re=  50,000;  c)  0.1%  XG 
Re=  19,300;  d)  0.2%  XG  Re=  26,600;  e)  0.2%  XG  Re=  19,100. 


Fig.  10-  Countour  plots  of  the  normalised  radial  normal  Reynolds  stress,  a)  water  Re=  133,000;  b)  water  Re=  50,000;  c)  0.1% 
XG  Re=  19,300;  d)  0.2%  XG  Re=  26,600;  e)  0.2%  XG  Re=  19,100. 
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cal  of  drag  reducing  fluids.  So,  production  of  uf 


—  at/,  — at/ 


FTod  =  u^+Ulu2^  (3) 

dxl  dx 2 

via  the  second  term  on  the  right-hand-side  of  Eq  (3)  could 
be  similar  to  that  in  Newtonian  fluids  because  of  the 
compensating  variations  in  the  shear  velocity  gradient  and 
shear  Reynolds  stress.  Then,  the  higher  axial  turbulence  in 
the  wall  region  of  the  upstream  pipe  is  advected 


downstream  and  should  increase  the  production  of  w,  via 
the  first  term  on  rhs  of  Eq.  (3)  but,  more  important,  it  leads 
to  a  higher  initial  level  of  axial  turbulence  in  the  free-shear 
layer.  The  higher  maximum  values  of  axial  turbulence 
found  in  the  shear  layer  for  the  xanthan  gum  solutions  and 
its  redistribution  by  the  pressure  strain  also  increase  the 
other  two  normal  Reynolds  stresses. 

The  higher  levels  of  turbulence  in  the  middle  of  the 
shear  layer  enhance  momentum  transfer  to  the  downstream 
pipe  wall  region,  thus  reducing  the  eddy  size. 

Further  research  with  different  polymer  additives,  inlet 
conditions  and  expansion  ratios  are  deemed  necessary  to  a 
full  and  comprehensive  understanding  of  this  type  of  flows 
for  non-Newtonian  solutions. 


5.  CONCLUSIONS 

Measurements  of  the  mean  and  turbulent  flow  fields 
downstream  a  sudden  expansion  were  carried  out  for  a 
Newtonian  and  two  elastic  xanthan  gum  aqueous  solutions 
at  Reynolds  numbers  between  19,000  and  133,000. 

Addition  of  polymer  resulted  in  drag  reduction  in  the 
upstream  pipe  flow  which  was  characterised  by  flatter  axial 
mean  velocity  profiles  and  higher  axial  normal  Reynolds 
stresses  in  the  wall  region  which  was  then  advected 
downstream  by  the  mean  flow.  These  resulted  in  enhanced 
velocity  gradients  and  higher  axial  turbulence  in  the  shear 
layer  downstream  of  the  expansion  plane,  thus  increasing 
turbulence  production.  The  maximum  values  of  normal 
Reynolds  stresses  pertained  to  the  non-Newtonian  solutions 
and  the  eddy  size  was  reduced  by  a  factor  of  20%  relative 
to  the  water  flows. 
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ABSTRACT 

The  primary  objective  of  this  work  is  to  show 
that  Particle  Image  Velocimetry  (PIV)  can  be  used  to 
provide  reliable  turbulence  measurements  in  flows 
where  homogeneous  directions  do  not  exist.  As  in  any 
other  measuring  system  based  on  sampling,  the  key  to 
the  success  of  such  procedure  lies  in  the  acquisition  of 
a  statistically  large  number  of  samples.  The  use  of 
compression  of  digital  PIV  images  strongly  facilitates 
this  task. 

In  the  present  work,  the  flow  over  a  surface- 
mounted  cube  is  studied  employing  digital  PIV. 
Turbulence  data  is  computed  by  ensemble  averaging, 
based  on  2000  PIV  images  acquired  at  a  frequency  of 
25-Hertz.  Instantaneous  views  of  the  flow  field  provide 
additional  information  regarding  large-scale  dynamics 
of  turbulent  structures. 


1.  INTRODUCTION 

Experimental  studies  of  the  flow  over  sharp- 
edged  obstacles  mounted  in  channels  have  been  mainly 
focused  on  two-dimensional  geometries.  These  are 
obviously  easier  to  handle  and,  consequently,  there 
already  exist  a  large  number  of  reported  investigations 
on  two-dimensional  surface-mounted  obstacles.  In 
contradistinction,  quantitative  data  for  turbulent  flows 
over  three-dimensional  obstacles  are  still  scant. 
Nevertheless,  a  very  significant  amount  of  information 
on  the  topology  and  turbulent  characteristics  of  the 
flow  around  cuboids  with  various  shapes  has  been 
provided  by  Castro  and  Robins  (1977)  and  Hunt  et  al 
(1978),  for  a  boundary-layer-type  of  approach  flow, 
and  by  Martinuzzi  and  Tropea  (1993),  for  plane 
channel  flow.  Despite  their  geometrical  simplicity, 
these  flows  exhibit  remarkable  topological  complexity, 


making  them  very  attractive  to  basic  fluid  mechanics 
researchers.  On  the  other  hand,  the  dynamics  of  large- 
scale  turbulent  structures,  typically  present  in  the 
aforementioned  type  of  flows,  is  a  matter  of  potential 
practical  application  in  various  engineering  processes. 

As  a  rule  in  the  assessment  of  turbulent  flow 
characteristics,  a  statistical  analysis  is  required  when 
employing  any  measuring  device  based  on  a  sampling 
procedure.  Regardless  of  the  fact  that  Particle  Image 
Velocimetry  (PIV)  has  been  traditionally  used  in  the 
characterization  of  instantaneous  flow  patterns,  this 
technique  does  not  constitute  an  exception  to  that  rule 
when  the  aim  is  to  quantitatively  describe  a  turbulent 
flow.  It  must  be  noted  that  very  few  attempts  have  been 
made  in  this  direction  in  virtue  of  the  large  quantity  of 
data  involved  in  such  a  statistical  analysis  of  PIV 
images.  However,  Freek  et  al  (1997)  have  recently 
shown  that  Digital  Image  Compression  can  be 
successfully  applied  as  a  sensible  solution  to  abate  the 
inherently  high  data  stream  and  storage  requirements. 
As  a  result,  full  statistical  characterization  of  turbulent 
flows  may  be  easily  accomplished,  retaining  all  the 
advantages  of  PIV  techniques. 

The  recent  awakening  of  numerical  researchers 
towards  the  application  of  Large  Eddy  Simulation 
(LES)  to  complex  geometries  has  also  set  an  urgent 
need  for  detailed  experimental  data  on  test  cases  that 
may  be  successfully  tackled  by  this  technique.  This  fact 
is  substantiated  by  the  organization  of  a  number  of 
workshops,  such  as  the  “Workshop  on  Large  Eddy 
Simulation  of  Flows  past  Bluff  Bodies”  by  Rodi  et  al 
(1997)  and  the  “Sixth  ERCOFTAC/IAHR/COST 
Workshop  on  Refined  Flow  Modelling”  by  Hanjalic 
and  Obi  (1997).  It  follows  that  the  requirements  on 
experimental  data  to  validate  LES  (spatial  resolution, 
temporal  resolution,  ...)  can,  in  general,  be  easily  met 
by  PIV.  As  a  consequence,  a  fruitful  symbiosis  will 
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certainly  be  established  between  these  two  techniques 
in  a  near  future. 

In  the  present  work,  turbulence  statistics  are 
calculated  from  PIV  measurements  in  the  three- 
dimensional  flow  over  a  cube  mounted  on  the  floor  of 
an  open-surface  water  channel.  Instantaneous  views  of 
the  flow  field  are  presented  as  well.  Section  2  provides 
information  regarding  the  experimental  setup.  The 
results  are  shown  in  Section  3.  Finally,  Section  4 
summarizes  the  main  findings  of  this  investigation. 


2.  EXPERIMENTAL  ARRANGEMENT 

The  unperturbed  flow  at  the  test  section  was  a 
turbulent  boundary-layer  characterized  by  a  Reynolds 
number  based  on  momentum  thickness  Ree  =  770.  The 
mass  flow  rate  recirculated  inside  the  channel  produced 
a  surface  velocity  U0  =  0.07  m/s.  A  detailed  description 
of  the  open-surface  (water)  channel  facility  employed 
in  these  experiments  was  given  by  Freek  et  al  (1997). 
The  surface-mounted  obstacle  was  a  4-cm  cube  made 
of  Perspex.  Thus,  the  presently  investigated  obstacle 
flow  was  characterized  by  a  Reynolds  number  Ret  = 
3210. 

The  digital  PIV  system  employed  to  map  the 
flow  field  is  based  on  CCD  camera  recording  and 
Ar-ion  laser  illumination.  MJPEG  compression  of  PIV 
images  is  also  implemented  with  the  aim  of  easing  the 
handling  of  large  quantities  of  data.  A  thorough 
description  of  the  present  system  as  well  as  a 
meticulous  discussion  on  the  advantages  and  pitfalls  of 
using  MJPEG  compression  was  presented  by  Freek  et 
al  (1998). 

A  sequence  containing  2000  PIV  images  was 
collected  at  the  channel  centerplane  in  the  test  section 
area,  as  shown  in  Figure  1.  Digital  image  compression 
allowed  on-line  recording  of  the  data  at  a  sampling 
frequency  of  25-Hertz  (only  80  seconds  to  acquire 
all  the  data),  maintaining  storage  needs  low.  Flow  maps 
were  obtained  by  off-line  processing  of  PIV  images 
interrogated  in  sub-images  of  size  IA  =  32  X  32  pixels. 
The  spacing  between  interrogation  windows  was 
prescribed  as  16  pixels  (i.e.,  a  50%  IA  overlap), 
producing  47  X  35  vectors  per  vector  field.  An 
overview  of  relevant  experimental  parameters  is  shown 
in  Table  1. 

Turbulence  statistics  were  calculated  by  using 
single-point,  ensemble  averaging.  Following  Raffel  et 
al  (1998),  the  total  measurement  error  in  displacement 
PIV  vectors  can  be  written  as  the  sum  of  a  bias  error 
Ebias  and  a  measurement  uncertainty  £rms  (random 
error).  Unbiased  values  of  the  correlation  function  were 
obtained  by  dividing  out  the  corresponding  weighting 


factors  prior  to  estimation  of  fractional  displacement, 
as  suggested  by  Westerweel  (1993).  A  Gaussian 
estimator  of  fractional  displacement  was  used  to 
achieve  sub-pixel  accuracy,  leading  to  negligible  values 
of  rms  tracking  error  associated  with  the  estimator.  The 
use  of  high  seeding  densities  has  also  allowed 
minimizing  the  error  due  to  the  presence  of 
displacement  gradients  in  the  images.  Additionally, 
spurious  measurements  were  removed  from  all  vector 


Channel: 


type 

open-surface 

length 

2.5 

m 

width 

0.20 

m 

Flow: 

fluid 

water 

temperature 

28 

°C 

depth 

0.11 

m 

surface  velocity,  U0 

0.07 

m/s 

obstacle  height,  L 

0.04 

m 

Reynolds  number,  Ree 

770 

Reynolds  number,  ReL 

3210 

Seeding: 

type 

polyamid 

nominal  diameter 

60 

pm 

Illumination: 

type 

light  sheet 

source 

cw  Ar+  laser  +  Bragg  cell 

maximum  power 

5 

W 

thickness 

1 

mm 

pulse  separation 

10 

ms 

number  of  exposures 

2 

Recording: 

type 

electronic  (CCD) 

resolution 

576  X  768 

px 

lens  focal  length 

26 

mm 

numerical  aperture 

2.0 

image  magnification 

0.21 

image  compression 

5.5 

Interrogation: 

resolution,  IA 

32X32 

px 

spacing 

16 

px 

multi-grid  levels 

2 

Data  set: 

vectors/image 

1645 

images/data  set 

2000 

size 

160 

Mb 

Table  1  Summary  of  relevant  experimental  parameters 
fields  employing  a  median-based  procedure  similar  to 
that  indicated  by  Westerweel  (1994).  Increased  values 
of  dynamic  spatial  range  and  data  yield  have  been 
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obtained  by  the  implementation  of  window  offset 
coupled  with  a  multi-grid/pass  procedure  (see,  e.g., 
Raffel  et  al,  1998).  This  has  allowed  further  reductions 
in  measurement  noise.  Nevertheless,  the  statistical 
evaluation  of  turbulent  flow  quantities  introduces 
additional  uncertainties.  Based  on  the  analysis 
proposed  by  Yanta  and  Smith  (1973),  the  statistical 
uncertainties  in  mean  and  variance  values  for  a  95% 
confidence  level  can  be  quantified  as  0.4%  and  3%, 
respectively. 


Fig.  1  Geometry  of  test  section  and  measured  plane 


3.  RESULTS 

First,  the  mean  flow  topology  obtained  by  the 
application  of  the  digital  PIV  system  is  analyzed.  All 
flow  quantities  have  been  non-dimensionalized  using 
U0  and  L,  respectively  as  velocity  and  length  scales. 
Figure  2  shows  the  mean  flow  streamlines  in  the 
measured  plane,  computed  from  U-  and  V-velocity 
components.  The  overall  mean  streamline  pattern 
agrees  satisfactorily  with  the  sketches  reported  by  Hunt 
et  al  (1978).  Differences  in  complexity,  namely  with 
respect  to  the  horseshoe  vortex  system,  can  be 
attributed  to  distinct  characteristics  of  the  approaching 
boundary-layer  flow.  The  present  experiments  have 
been  carried  out  at  a  much  lower  Reynolds  number  and 
the  obstacle  was  totally  immersed  in  the  boundary- 
layer,  which  markedly  differs  from  the  flow  conditions 
indicated  by  the  aforementioned  authors.  Surprisingly, 
better  agreement  was  found  between  the  presently 
studied  flow  field  and  that  corresponding  to  a  surface- 
mounted  cube  placed  in  a  turbulent  channel  flow.  The 
latter  geometry  was  investigated  in  detail  by  Larousse 
et  al  (1991)  and  by  Martinuzzi  and  Tropea  (1993), 
utilizing  laser-Doppler  anemometry  (LDA)  and  flow 
visualization.  Yet,  they  could  not  find  any  evidence 


supporting  the  existence  of  the  hierarchy  of  horseshoe 
vortices  reported  by  Hunt  et  al  (1978)  either,  which  is 
in  accordance  with  the  flow  features  depicted  in  Figure 
2.  Even  the  secondary  comer  vortex  (upstream  the 
obstacle)  is  not  clearly  observed  in  the  figure,  due  to 
the  small  dimensions  displayed  by  this  structure  at  low 
Reynolds  number. 

A  direct  comparison  between  the  detailed  LDA 
mean  flow  maps  provided  by  Larousse  et  al  (1991)  and 
the  mean  streamline  pattern  represented  in 
Figure  2  enhances  the  main  difference  between  these 
two  flows.  It  essentially  results  from  the  strong  flow 
acceleration  promoted  by  the  sudden  contraction  (2:1) 
formed  by  the  obstacle  and  the  top  channel  wall  in  the 
former  case.  As  a  consequence,  the  size  of  separated 
flow  regions  over  and  behind  the  cube  is  significantly 
smaller  for  a  boundary-layer-type  of  approach  flow. 
Additionally,  the  corresponding  vortex  core  centers  are 
located  closer  to  bottom  walls  in  this  case  also. 

Fig.  2  Mean  streamline  pattern  and  vorticity  contours 

Contours  of  the  out-of-plane  component  of 
vorticity  have  been  superimposed  to  mean  flow 
streamlines  in  Figure  2.  It  must  be  noted  that  the 
calculation  of  vorticity  involves  differentiation  of  basic 
flow  quantities.  However,  vorticity  estimates  were 
obtained  here  by  employing  Stokes’  theorem  of 
circulation  (see,  e.g.,  Raffel  et  al,  1998),  which  seemed 
to  perform  better  than  conventional  schemes.  Important 
values  of  positive  vorticity  were  found  in  the  separated 
shear-layers  formed  over  and  behind  the  obstacle.  It 
can  be  seen  that  the  area  of  the  horseshoe  vortex  is  not 


X  [mm] 


characterized  by  large  values  of  mean  vorticity,  which 
indicates  that  this  mean  flow  structure  is  not  very 
intense  at  the  present  Reynolds  number. 
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Fig.  3  Contours  of  turbulent  kinetic  energy 

The  maxima  in  turbulent  kinetic  energy  were 
also  found  in  the  separated  shear-layers,  as  shown  in 
Figure  3.  In  order  to  keep  track  of  the  relative  position 
of  mean  flow  structures,  contours  maps  are  presented 
here  simultaneously  with  mean  velocity  vectors  (this 
procedure  will  be  used  throughout  the  remainder  of  the 
paper).  It  must  also  be  mentioned  that,  as  only  in-plane 
quantities  were  measured  by  the  PIV  system,  the  values 
of  turbulent  kinetic  energy  in  the  flow  were  estimated 
by  the  use  of  the  following  expression: 


(1) 


The  contribution  of  normal-stresses  u.  2  and  v  to  k  is 
depicted  in  Figures  4a  and  4b,  respectively.  It  can  be 
seen  that,  while  the  longitudinal  component  of  normal- 
stresses  reaches  peak  magnitudes  in  the  first  stages  of 
development  of  the  separated  shear-layer  over  the  cube, 
the  vertical  component  is  characterized  by  moderate 
values  in  this  area.  The  intense  mean  shear  established 
as  the  fluid  flows  over  the  obstacle  is  the  main 
responsible  by  the  large  values  associated  with  the 
longitudinal  component.  In  contradistinction,  the 
vertical  component  reaches  its  peak  values  (always 
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smaller  than  those  for  the  longitudinal  component) 
farther  downstream,  essentially  as  a  result  of  large- 
scale  unsteadiness.  This  observation  will  be  further 
substantiated  later  in  the  paper.  Thus,  two  major 
sources  of  large-scale  structures  can  be  identified  in  the 
flow  field,  corresponding  to  the  recirculation 


Fig.  4  Contours  of  Reynolds-stresses:  a)  and  b) 
normal-stress  components;  c)  shear-stress 
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regions  over  and  behind  the  cube.  Again,  little  energy 
seems  to  be  contained  in  the  flow  structures  defining 
the  horseshoe  vortex  upstream  the  obstacle.  The 
contours  of  (in-plane)  shear-stress  corroborate  the 
above  assertions  (see  Figure  4c).  Two  large  local 
maxima  can  be  found  slightly  upstream  the  peaks  in  the 
vertical  component  of  normal-stresses,  indicating 
intense  turbulence  production  in  these  areas. 
Consequently,  it  seemed  reasonable  to  conclude  that 
very  organized  motions  can  be  found  there,  leading  to 


Fig.  5  Transverse  profiles  at  X  =  20  mm:  a)  mean 
velocities  and  vorticity;  b)  turbulent  kinetic  energy  and 
Reynolds-stresses 


highly  correlated  u-  and  v- velocity  fluctuations.  On  the 
other  hand,  it  is  also  interesting  to  note  that  a  sharp 
peak  of  negative  shear-stress  occurs  in  the  vicinity  of 
the  upper  left  comer  of  the  cube. 

Aiming  to  analyze  some  of  the  flow  features 
with  better  detail,  transverse  profiles  of  mean  and 
turbulent  quantities,  respectively  at  X  =  20  mm  and 
X  =  55  mm  (i.e.,  crossing  the  recirculation  regions  on 
top  and  behind  the  cube,  respectively),  have  been 
represented  in  Figures  5a,  5b,  6a  and  6b.  These 


Fig.  6  Transverse  profiles  at  X  =  55  mm:  a)  mean 
velocities  and  vorticity;  b)  turbulent  kinetic  energy  and 
Reynolds-stresses 
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profiles  also  facilitate  a  discussion  of  the  results  with 
reference  to  measurements  reported  in  the  literature. 

As  noted  before.  Figure  5a  shows  that  the  flow 
acceleration  over  the  cube  is  much  more  modest  in  the 
present  flow  configuration  than  in  channel  flow,  which 
naturally  influences  the  strength  of  the  recirculation 
eddy  traversed  by  this  profile.  At  this  location  (X  = 
U 2),  Martinuzzi  and  Tropea  (1993)  measured 
longitudinal  velocities  that  were  about  30%  in  excess 
of  the  reference  velocity.  Additionally,  the  magnitude 
of  reversed  flow  was  reported  to  reach  50%  of  the 
reference  velocity.  Present  values  do  not  exceed  10% 
of  the  surface  velocity  in  either  case.  Martinuzzi  and 
Tropea  (1993)  did  not  compute  the  vorticity  field. 
However,  it  is  quite  obvious  that  the  aforementioned 
differences  in  longitudinal  velocity  component  would 
be  reflected  by  vorticity  maxima  as  well  (note  that 
vorticity  values  have  been  scaled  down  to  one  third  in 
Figure  5a,  i.e.,  Wl 3,  for  the  sake  of  figure  clearness 
only).  As  immediate  consequence  of  these  smaller 
mean  gradients,  Reynolds-stresses  levels  in  the 
separated  shear-layer  over  the  obstacle  (see  Figure  5b) 
are  also  characterized  by  lower  values  than  in  channel 
flow.  Nevertheless,  it  is  important  to  emphasize  that  all 
present  peak  values  closely  preserve  the  various  ratios 
between  Reynolds-stress  components  indicated  by  the 
above-referred  LDA  measurements  (a  scaling  factor  of 
approximately  3.5  was  found).  The  foregoing  result 
strongly  supports  the  credibility  of  these  PIV 
measurements  of  turbulence  statistics. 

A  direct  comparison  for  profiles  located  inside 
the  recirculation  region  behind  the  cube  is  much  more 
difficult,  due  to  the  difference  in  the  values  of 
reattachment  length.  The  profiles  shown  in  Figures  6a 
and  6b  are  located  slightly  upstream  X  =  3LI2  (where 
LDA  data  are  available  for  channel  flow),  in  an  attempt 
to  account  for  a  smaller  reattachment  length.  It  is  not 
surprising  that,  once  again,  the  measured  velocity 
excess  in  the  longitudinal  component  is  clearly  lower 
than  the  characteristic  values  for  channel  flow  reported 
by  Martinuzzi  and  Tropea  (1993).  The  maximum 
intensity  of  the  reversed  flow  is,  of  course,  larger  in 
this  area,  but  still  limited  to  approximately  50%  of  the 
corresponding  values  obtained  in  channel  flow. 
However,  the  main  point  of  interest  in  Figure  6a  is  the 
“kinked”  profile  of  mean  vorticity,  which  indicates  a 
multiple  layer  structure.  An  explanation  for  such  shape 
can  only  be  found  by  recognizing  this  feature  as  the 
reminiscence  of  the  existence  of  two  individual 
(separated)  shear-layers.  In  fact,  besides  portraying  the 
trend  of  convergence  between  the  peak  values  of 
measured  normal-stresses  (again  in  total  agreement 
with  the  findings  for  channel  flow),  Figure  6b  also 
shows  that  the  multi-layer  structure  is  exhibited  by  the 


vertical  component  of  those  stresses  as  well.  It  should 
be  mentioned  that  this  feature  can  also  be  detected  in 
some  of  the  LES  calculations  performed  by  M.  Breuer 
in  the  framework  of  the  “6th  ERCOFTAC/IAHR/COST 
Workshop  on  Refined  Flow  Modelling”  (Hanjalic  and 
Obi,  1997). 

As  earlier  asserted  in  this  paper,  organized 
large-scale  motions  associated  with  vortex-shedding 


Fig.  7  Sequence  of  snapshots  showing  the  formation  of 
organized  large-scale  motions  (75%  IA  overlap) 
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from  recirculation  regions  are  in  the  origin  of  the 
process.  Figure  7  illustrates  the  formation  of  notably 
coherent  turbulent  structures  in  a  series  of  snapshots 
portraying  instantaneous  velocity  fields  (75%  I  A 
overlap  was  used).  During  the  depicted  time  instants, 
one  eddy  drags  over  the  top  of  the  obstacle.  The  region 
in  the  back  of  the  cube  sheds  another  eddy,  which  is 
convected  downstream  closely  following  the  path 
defined  by  the  curved  shear-layer.  The  vertical 
component  of  normal-stresses  naturally  receives  an 
important  contribution  from  these  two  “springs”  of 
organized  motions  that,  meeting  in  the  near-wake  of  the 
obstacle,  ultimately  give  rise  to  the  establishment  of  a 
multi-layer  structure  in  this  area  of  the  flow. 
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Fig.  8  Analysis  of  h’ -velocity  in  the  vicinity  of  the 
lower  comer  upstream  the  obstacle:  a)  power  spectrum 
(power  scale  is  arbitrary);  b)  time  series 


One  may  still  note  that  the  flow  in  the  region  of 
the  horseshoe  vortex  is  not  quiescent  either.  However, 
the  excursions  traced  out  by  the  associated  large-scale 
structures  are  rather  limited  in  the  present  case,  which 
explains  the  moderate  values  of  Reynolds-stresses 
measured  in  this  portion  of  the  flow  field.  From  this 
observation  it  can  be  inferred  that,  in  contrast  with  the 
findings  of  Larousse  et  al  (1991)  for  a  much  higher 
Reynolds  number,  the  horseshoe  vortex  does  not 
constitute  here  the  dominant  source  of  large-scale 
unsteadiness.  In  fact,  the  spectral  analysis  of  a  time 
series  acquired  in  this  area  produces  a  broad  peak, 
without  bringing  out  any  dominant  frequency  (Strouhal 
number  in  the  graph).  Figure  8a  shows  the  above  result 
and  Figure  8b  portrays  the  corresponding  time-trace  of 
the  (fluctuating)  longitudinal  velocity  component  u\ 
Similar  measurements  taken  in  the  separated  shear- 
layer  over  the  cube  exhibited  a  bi-modal  character  in 
probability-density  functions  (PDF)  of  vertical 
velocity,  heralding  the  appearance  of  a  dominant 
frequency  (or  range  of  frequencies,  as  broadband 
behavior  is  also  a  characteristic  of  natural  instability  of 
free  shear-layers;  see  Husain  and  Hussain,  1983). 

In  addition,  a  few  more  observations  can  be 
made  regarding  Figure  8.  Firstly,  one  may  note  that  a 
significant  portion  of  the  power  spectrum  in  Figure  8a 
closely  reproduces  an  evolution  consistent  with  the  so- 
called  inertial  sub-range  of  turbulence.  Although  good 
results  have  been  obtained  in  the  present  flow,  which 
was  characterized  by  low  fluid  velocities,  the  sampling 
frequency  imposed  by  the  video  system  is  a  strong 
limitation  for  a  more  general  application  of  this 
analysis.  It  becomes  particularly  stringent  if  we  keep  in 
mind  that  Adrian  and  Yao  (1987)  suggested  that,  as  a 
guideline  for  LDA  measurements,  the  mean  data  rate 
should  be  about  twenty  times  the  largest  frequency  at 
which  undistorted  measurements  are  desired.  Secondly, 
the  measured  time-trace  in  Figure  8b  firmly  suggests 
that  the  PDF  of  the  (fluctuating)  longitudinal 
component  of  velocity  at  the  indicated  location  must  be 
strongly  skewed.  Aiming  to  investigate  this  issue  in 
further  detail,  higher-order  moments  of  the  probability 
distributions  were  computed.  The  results  have  been 
expressed  in  non-dimensional  form,  in  terms  of 
skewness  and  kurtosis  factors. 

Figures  9a  and  9b  show  contour  maps  of 
skewness  factor,  respectively  for  longitudinal  and 
vertical  velocity  components.  With  respect  to  the 
former  component,  it  can  be  seen  that  the  bulk  of  the 
flow  field  is  characterized  by  values  close  to  zero, 
which  corresponds  to  a  normal  random  process. 
However,  clearly  negative  values  can  be  found  in  the 
separated  shear-layer  evolving  over  the  obstacle,  while 
even  stronger  positive  values  occur  in  a  very  limited 
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area  in  the  vicinity  of  the  lower  comer  upstream  the 
cube.  This  last  observation  confirms  the  hypothesis 
formulated  in  the  previous  paragraph.  Concerning  the 
latter  component  of  velocity  (see  Figure  9b),  it  can  be 
seen  that  the  maximum  levels  of  positive  skewness  are 
always  more  modest  than  those  observed  in  Figure  9a. 
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Fig.  9  Contours  of  skewness  factor:  a)  longitudinal 
velocity;  b)  vertical  velocity 

The  contour  maps  of  kurtosis  factor  are  shown 
in  Figures  10a  and  10b,  respectively  for  longitudinal 
and  vertical  velocity  components.  Contour  levels  have 
been  chosen  with  the  aim  of  evincing  the  so-called 
“excess”.  For  this  reason,  the  scale  of  contour  levels 
always  starts  at  the  value  reflecting  a  normal  random 
process  (i.e.,  at  the  value  of  three).  Consistently  with 
the  observations  made  for  the  skewness  factor  of 


longitudinal  velocity  distributions,  very  large  values  of 
“excess”  can  also  be  found  in  the  lower  comer 
upstream  the  cube.  On  the  other  hand,  with  respect  to 
vertical  velocity  component,  the  regions  of  maximum 
“excess”  are  located  inside  the  back  recirculation  zone 
adjacent  to  the  reattachment  at  the  wall  (negative 
skewness;  see  Figure  9b)  and  encircling  the  front  edge 
of  the  obstacle  (essentially  positive  skewness). 
Naturally,  for  both  velocity  components,  large  values 
of  kurtosis  are  always  observed  where  extreme  values 
(negative  or  positive)  of  skewness  occur. 
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Fig.  10  Contours  of  kurtosis  factor:  a)  longitudinal 
velocity;  b)  vertical  velocity 

From  the  viewpoint  of  a  statistical  description  of 
turbulent  flows,  the  main  advantage  of  PIV  over  LDA 
probably  resides  in  the  fact  that  the  former  technique 
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may  readily  provide  estimates  of  spatial  correlations.  In 
the  present  study,  some  estimates  of  Taylor  microscales 
have  been  obtained.  Hence,  an  assessment  of  the  size 
of  the  eddies  mainly  responsible  for  dissipation  in  the 
flow  under  investigation  could  be  carried  out.  The 
definition  of  the  various  dissipation  scales  is  given, 
e.g.,  by  Hinze  (1975).  In  this  paper,  only  X^  and  Xgu 

were  evaluated,  using  the  following 


Fig.  11  Contours  of  magnitude  of  Taylor  microscales: 

a)  Xju  ;  b)  Xgu 

expressions: 


The  results  obtained  for  these  two  quantities  are  shown 
in  Figures  11a  and  lib.  At  this  stage,  one  should  recall 
that  the  reference  scale  employed  here  in  the  non- 
dimensionalization  of  lengths  was  L  =  0.04  m.  A 
general  conclusion  drawn  from  the  examination  of  the 
contour  maps  is  that  the  spatial  resolution  set  in  the 
interrogation  of  the  video  images  ( Ax  =  Ay  =  0.08) 
seems  adequate.  However,  this  fact  was  confirmed  “a 
posteriori”  only.  Additional  findings  can  be  deduced 
through  a  closer  inspection  of  the  aforementioned 
figures.  Namely,  it  can  be  seen  that,  as  expected,  a 
good  correlation  can  be  found  between  the  locations 
where  Xju  reaches  minimum  magnitudes  and  the  areas 

where  peak  values  of  negative  shear-stress  were 
measured.  The  minima  of  Xgu  occur  in  the  vicinity  of 

the  edges  of  the  cube  and  in  the  area  where  the 
separated  shear-layer  develops  over  the  obstacle.  It  is 
also  interesting  to  note  that  the  strong  decrease  in  the 
measure  of  the  latter  dissipation  scale  over  the  obstacle, 
mainly  as  a  result  of  longitudinal  stretching,  is 
accompanied  by  the  formation  of  a  very  localized  area 
of  large  Xgu  in  the  precise  location  where  the 

minimum  in  shear-stress  was  found  (see  Figure  4c). 
Finally,  Figure  12  illustrates  the  spatial  distribution  of 
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Fig.  12  Contours  of  the  ratio  X^  /  Xgu 

the  ratio  X^  /  Xgu .  The  contour  map  shows  that, 

except  for  the  regions  where  shear-layers  are  present. 
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the  values  are  not  far  from  the  known  relation  for 
isotropic  turbulence,  i.e.,  X/  =  -j2Xg  .  In  fact,  it  can  be 

seen  that  this  ratio  becomes  notably  different  from  the 
aforementioned  value  only  in  areas  dominated  by 
attached  shear-layers  (smaller)  and  separated  shear- 
layers  (larger).  The  maximum  magnitude  can  be  found 
in  the  separated  shear-layer  developing  over  the  cube. 


4.  CONCLUSIONS 

The  turbulent  flow  over  a  cubical  obstacle 
mounted  in  the  bottom  of  an  open-surface,  low- 
Reynolds  number,  water  channel  was  thoroughly 
investigated.  A  digital  PIV  system  employing  MJPEG 
image  compression  was  the  tool  that  allowed  whole- 
field  quantification  of  turbulence  characteristics  in  the 
centerplane  of  the  channel,  namely,  mean  velocities 
and  vorticity,  Reynolds-stresses,  skewness  factors, 
kurtosis  factors  and  Taylor  microscales.  The  study  of 
the  time-dependent  characteristics  of  the  flow  was 
carried  out  using  spectral  analysis  of  time  series  and 
visualization  of  large-scale  dynamics  of  turbulent 
structures. 

The  feasibility  of  using  digital  PIV  in  the 
statistical  investigation  of  turbulent  flows  without 
homogeneous  directions  was  demonstrated  in  the 
paper.  Furthermore,  a  detailed  characterization  of 
turbulence  statistics  allowed  bringing  out  additional 
insight  about  turbulent  flows  over  surface-mounted, 
sharp-edged  obstacles. 

PIV  recordings  of  a  complete  set  of  planes 
distributed  around  the  obstacle  are  currently  under 
analysis.  These  results  will  be  presented  in  a 
forthcoming  paper. 
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ABSTRACT 

An  advanced  PIV  processing  technique  is  applied  to 
investigate  the  turbulent  flow  over  a  Backward  Facing 
Step  (BFS).  This  constitutes  a  traditional  test  case  for 
experimental  techniques  and  for  numerical  codes 
development.  The  results  are  compared  with  Direct 
Numerical  Simulation  (DNS)  and  LASER  Doppler 
Velocimetry  (LDV)  data  available  on  the  subject. 

The  work  proposes  an  appropriate  algorithm  to 
evaluate  the  PIV  recordings.  This  procedure  performs  a 
local  relative  displacement  of  the  areas  to  be  correlated 
and  optimises  it  with  an  iterative  procedure.  The  local 
particle  displacement,  due  to  the  in-plane  motion,  is 
compensated  by  means  of  such  a  discrete  offset. 
Moreover,  during  the  iterative  procedure  the  size  of  the 
interrogating  areas  is  gradually  reduced  yielding  a  finer 
resolution  in  space  if  compared  with  one  step 
interrogation  methods. 

A  brief  section  explains  the  expected  improvements  in 
terms  of  dynamic  range  and  resolution.  The  accuracy  is 
assessed  analysing  images  with  imposed  displacement. 


1.  INTRODUCTION 

To  perform  PIV  measurements  in  turbulent  flows,  it  is 
necessary  to  reach  a  resolution  in  space  that  will  allow 
the  small  scales  of  the  turbulence  spectrum  to  be 
detected.  In  addition  to  this,  a  high  accuracy  is  required 
to  correctly  measure  the  small  velocity  fluctuations. 
Finally,  in  order  to  determine  the  statistical  flow 
properties,  it  is  necessary  to  acquire  and  analyse  a  large 
number  of  images. 

To  fulfil  the  first  requirement,  the  primary  step  is  to 
reduce  as  much  as  possible  the  size  of  the  interrogation 
areas  where  the  cross-correlation  is  to  be  calculated. 

The  problem  of  loss-of-pairs  as  shown  by  Keane  and 
Adrian  (1991)  strongly  limits  the  possibility  of 


reducing  the  size  of  the  interrogation  areas  once  the 
time  interval  At  between  the  subsequent  acquisitions  is 
chosen. 

The  displacement  of  the  second  exposure  interrogation 
area  as  already  proposed  by  Keane  and  Adrian  (1993) 
and  further  deeply  analysed  by  Westerweel  et  al. 
(1997)  allows  to  retrieve  most  of  the  particle  image 
pairs  lost  for  the  in-plane  motion. 

Single-step  processing  methods  are  not  appropriate  to 
take  advantage  of  the  local  displacement.  Many  works 
proposing  advanced  interrogation  algorithms  are 
iterative.  Huang  et  ai.  (1993)  and  Jambunathan  et  al. 
(1997)  proposed  techniques  for  a  complete 
compensation  of  the  in  plane  motion,  Keane  et  al. 
(1995)  introduced  the  Super-Resolution  concept  with  a 
coupled  PIV/PTV  algorithm.  The  present  work 
proposes  the  application  of  a  multigrid  analysis  to  the 
PIV  images. 

The  multiple  interrogation  with  refinement  of  the 
window  size  allows  maximising  the  spatial  resolution 
for  the  cross-correlation  analysis  of  images. 

The  separated  flow  over  a  BFS  is  frequently  proposed 
as  a  test  case  for  techniques  under  development  as  well 
as  for  code  validation.  This  is  motivated  by  the  simple 
geometry,  the  stability  of  the  separation  region  and  the 
high  turbulence  levels  experienced  in  the  shear  layer. 
The  results  of  the  present  work  are  compared  with  DNS 
(Le  et  al.  1997)  and  LDV  (Jovic  and  Driver  1994) 
available  on  this  subject  with  a  similar  test 
configuration. 


2.  PIV  ANALYSIS  ALGORITHM 

WIDIM  stands  for  Window  Displacement  /terative 
Multigrid.  The  ratio  between  the  signal  peak  and  the 
noise  level  in  the  correlation  map  is  a  crucial  parameter 
in  PIV  measurements;  it  has  already  been  found  to  be 
strongly  dependent  on  the  loss-of-pairs  due  to  the  in- 
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plane  motion  (Keane  and  Adrian  1993).  Nevertheless 
as  referred  by  many  authors,  other  parameters  also  do 
contribute  to  the  degradation  of  the  signal  like  high 
velocity  gradients,  turbulent  motion  or  loss-of-pairs  due 
to  out-of-plane  motion.  The  present  method  has  been 
conceived  with  the  purpose  of  compensating  for  the 
loss-of-pairs  due  to  in-plane  motion.  The  correlating 
windows  are  provided  with  a  degree  of  freedom  in 
terms  of  pure  translation  one  respect  to  the  other. 

A  schematic  of  the  situation  is  shown  in  figure  1: 
regions  a  and  b  correspond  to  the  same  physical  area 
where  particles  are  detected  at  two  successive  instants 
of  time.  Due  to  the  motion  some  particles  (black) 
present  in  a  are  no  more  included  in  b  and  some  new 
particles  (white)  enter  this  last. 


(b*) 


Fig.  1 -Principle  of  the  window  displacement. 


The  local  displacement  of  each  interrogation  area  (6  in 
fig.  1)  is  made  on  the  basis  of  a  flow  pattern  prediction. 
The  predicted  displacement,  is  obtained  by  the  previous 
interrogation  of  the  set  of  two  images,  therefore  it  is 
necessary  to  adopt  an  iterative  procedure  (fig .2). 

Each  iteration  starts  from  a  predicted  displacement 
field  (exception  made  for  the  first  interrogation  which 
is  made  with  an  appropriate  window  size)  and  yields  a 
correction  for  this.  At  each  iteration,  the  size  of  the 
interrogation  areas  is  halved  leading  to  the  multigrid 
concept  (fig.  3). 

The  displacement  field  is  obtained  as  a  sum  of  the 
predicted  value  and  a  small  correction: 

5(x,  y)  =  8p(x,  y)+5c(x,  y)  (1 ) 

In  the  first  box  the  windowing  consists  in  splitting  each 
of  the  two  pictures  into  sets  of  interrogation  areas.  In 
particular,  the  application  of  the  displacement  predictor 
on  the  second  picture  translates  each  window  according 
to  the  distribution  of  8p(x,  y).In  the  second  box,  the 
cross-correlation  is  applied  and  yields  the  correction 
distribution  8c(x,  y).  The  result  is  validated  and  can 
either  constitute  the  final  output,  or  the  input  for  a  new 
interrogation  based  on  a  finer  grid.  Hence  the  iterative 
form  for  eq.  1  is 

Sk(x,  y)  =  8pk(x,  y)+Sck(x,  y)  (2) 


where  the  predictor  is  updated  by  the  relation 

8pk+1=integer(8k)  (3) 

At  the  start  of  the  process,  no  information  on  the  flow 
pattern  is  considered  available  and  the  first  predictor  is 
set  uniformly  to  zero  (no  relative  offset  is  applied).  The 
window  size  for  this  interrogation  is  set  respecting  the 
one  quarter  rule  for  the  in-plane  motion  (maximum  in¬ 
plane  displacement  <  Va  window  linear  size). 


Fig.2-Image  processing  flow  diagram. 


Fig.  3  -Coarse  interrogation  grid  result  (continuous  line 
vectors  and  areas)  and  finer  displacement  predictor 
(dotted  line  vectors  and  areas). 

After  this  interrogation,  the  coarse  result  (solid  line 
arrows  and  windows  in  fig.  3  will  be  used  as  a 
predictor.  A  finer  windowing  is  made  halving  the 
windows  in  both  directions  and  the  predictor  is  applied 
to  the  window  offset  by  means  of  simple  substitution  of 
the  previous  iteration  result. 

As  a  consequence,  in  the  subsequent  steps  the  one- 
quarter  rule ,  related  to  the  in-plane  displacement,  does 
not  limit  anymore  the  size  of  the  windows  and  the 
pictures  can  be  interrogated  with  a  better  resolution. 

The  end  of  the  process  is  reached  when,  after  various 
refinements,  the  maximum  possible  resolution  is 
achieved  (according  with  the  limits  of  application  for 
the  cross-correlation  operator  on  PIV  images). 


2.1  Resolution  And  Dynamic  Range 

The  main  improvement  obtained  with  this  method 
consists  in  the  de-coupling  of  two  important  parameters 
namely  maximum  in-plane  displacement  and 
interrogation  -  window  Size.  This  last  is  no  more 
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constant  during  the  whole  processing  and  a  subscript 
will  indicate  the  refinement  step  to  which  it  is  referred. 
The  dynamic  range  of  the  technique  refers  to  its  ability 
to  represent  large  velocity  differences  in  the  flow  field. 
The  lower  end  of  the  dynamic  range  is  determined  by 
the  requirement  that  the  corresponding  displacement 
will  be  distinguished  from  the  one  corresponding  to  the 
noise  level.  Calling  lmn  such  a  minimum  displacement 
that  can  be  resolved,  the  consequent  minimum 
measurable  velocity  is  given  by: 


£/ 


At 


(4) 


For  single-step  methods,  the  limit  on  the  maximum 
measurable  velocity  is  therefore  related  to  the  ratio  Cj 
between  the  maximum  in-plane  displacement  lm„  and 
the  window  linear  size  Ws 
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(5) 


Such  a  coefficient  should  not  exceed  values  of  0.2-0.3 
if  a  high  confidence  level  is  required  in  the 
measurement  (Keane  and  Adrian  1993),  thus: 
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Combining  the  expressions  (4)  and  (6)  one  obtains: 
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(7) 


This  expression  reads  as  the  accuracy-resolution  trade 
off.  In  fact,  the  dynamic  range  can  be  increased  with  a 
larger  window  size,  but  lowering  the  spatial  resolution. 
Other  authors  (Adrian  1991,  Willert  and  Gharib  1991) 
already  investigated  the  dependence  of  from  the 
experimental  parameters.  It  has  been  found  to  be 
associated  with  the  particle  image  size,  with  the 
window  size  and,  in  digital  PIV,  with  the  type  of  sub¬ 
pixel  interpolation  that  is  used  to  determine  the  location 
of  the  correlation  peak. 

A  typical  value  of  /„•„  =0.1  pixel  can  be  assumed  in 
agreement  with  Willert  and  Gharib  (1993),  (three-point 
gaussian  fit,  particle  image  two  or  three  pixels 
diameter,  displacements  not  exceeding  10  pixels  and 
window  size  of  32x32  pixels).  With  the  previous 
considerations  eq.7  yields  the  following  result:  the 
choice  of  a  window  size  of  32x32  pixels  will  allow 
distinguishing  about  100  different  velocity  levels. 


The  method  being  presented  aims  at  de-coupling  space 
resolution  and  accuracy  leading  to  a  significant 
increase  of  the  dynamic  range  of  the  technique. 

Eq.  7  yields  for  the  present  case 

^max  ^min  _  ^max  _ |  _  ^1  _0  _ | 

Anin 


where  Wo  represents  the  window  size  at  the  first 
interrogation.  A  refinement  ratio  can  be  defined  as 


R(k)J 52 

'  W, 


k=l,2,...K 


Eq.  8  is  rewritten  as 

^  min  l min  ^min 


(9) 


It  is  possible  to  appreciate  that,  fixed  the  window  size, 
the  dynamic  range  can  be  amplified  in  proportion  with 
the  refinement  ratio  R. 

Moreover,  the  maximum  displacement  can  even  exceed 
the  window  linear  dimension  (exception  made  for  the 
first  iteration).  Of  course  other  factors  may  limit  the 
maximum  displacement:  out-of-plane  motions  and/or 
high  vorticity  levels  constitute  the  principal  sources  for 
loss-of-pairs.  Huang  et  al.  (1993)  investigated  the 
limitations  in  vorticity  measurement  with  PIV  and 
proposed  an  algorithm  that  compensates  for  the  relative 
deformation  between  the  two  interrogation  windows. 
Further  developments  of  the  current  work  will  be 
directed  to  couple  these  corrections  with  the  window 
refinement. 

Comparisons  with  the  performances  of  a  basic 
interrogation  method  (see  next  sect.)  showed  that  with 
the  WIDIM  algorithm  the  maximum  displacement  could 
be  increased  by  a  factor  four  (R= 4  was  achieved). 

A  further  extension  of  the  dynamic  range  is  expected 
on  the  lower  end  too;  previous  studies  conducted  by 
Westerweel  et  al.  (1997)  demonstrated  how  the  discrete 
window  offset  has  a  beneficial  effect  on  the  accuracy  of 
the  determination  of  the  peak  location  in  the  cross¬ 
correlation  analysis. 

The  above-cited  authors  found  that  for  highly  turbulent 
flows,  the  application  of  a  discrete  offset  to  window 
location  yields  a  noise  reduction  (NR)  of  about  three. 
Therefore  the  superposition  of  the  extension  of  lmax  and 
the  refinement  of  3mm  leads  to  a  widening  for  the 
dynamic  range  of  about  one  order  of  magnitude. 
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2.2  Accuracy  Assessment 

The  procedure  presented  hereafter  aims  at  analyzing 
the  effect,  on  the  measurement  accuracy,  of  a 
compensation  for  the  in-plane  motion  of  the  tracers. 
Starting  from  PIV  images  taken  under  ordinary 
experimental  conditions,  synthetic  displacement  fields 
were  obtained  for  simulating  uniform  flows.  The  reason 
for  this  choice  was  to  obtain  information  related  as 
close  as  possible  to  the  real  experimental  conditions. 
The  first  image  is  a  real  PIV  image  while  the  second 
image  was  obtained  as  a  45°  shifted  version  of  the  first 
one.  The  seeding  density  in  the  light  sheet  is  of  about 
15  (particles/mm2).  To  allow  displacements  of  non¬ 
integer  number  of  pixels,  bilinear  interpolation  was 
applied  to  the  first  image, 

A  range  of  displacements  from  zero  to  ten  pixels  was 
covered  with  steps  of  O.i  pixels. 

After  the  displaced  images  were  generated,  the  basic 
and  advanced  interrogation  methods  were  applied.  The 
results  are  compared  with  the  expected  data. 

The  correlation  peak  position  is  established  using  a 
three-point  gaussian  interpolation  for  both  methods. 
Areas  of  32  by  32  pixels  overlapped  for  50%  of  then- 
extension  were  used  as  interrogation  windows. 

The  average  error  relative  to  the  WTDEM  method 
exhibits  an  oscillation  with  a  wavelength  of  one  pixel. 
This  behavior  is  caused  principally  by  the  averaging 
effect  of  the  bilinear  interpolation  in  the  reconstruction 
of  the  second  image.  Fig.  4  shows  the  result  of  a 
moving  average  filter  applied  to  the  averaged  patterns 
of  the  error.  For  the  basic  method,  a  bias  error  is 
present.  The  same  is  not  found  when  the  improved 
algorithm  is  applied.  Even  though  such  a  bias  does  not 
exceed  one  tenth  of  a  pixel,  it  leads  to  underestimate 
systematically  the  displacements.  About  this  bias, 
Lecordier  (1997)  reports  the  presence  of  this  effect 
comparing  the  cases  of  discrete  window  offset  and  sub¬ 
pixel  window  transformations.  The  asymptotic  trend 
shows  that  even  for  large  imposed  displacements  this 
component  of  the  relative  error  does  not  vanish.  One 
should  therefore  expect  an  increase  of  the  absolute  bias 
error  with  the  displacement.  The  source  for  this  can  be 
found  in  the  distortion  of  the  peak  shape  due  to  the 
loss-of-pairs.  The  less  the  number  of  particles  which 
contribute  to  build  the  correlation  peak,  the  lower  the 
corresponding  intensity  in  the  peak  region. 

A  straight  conclusion  is  that  a  higher  level  of  accuracy 
can  be  reached  enlarging  the  maximum  displacement  as 
much  as  possible. 

The  higher  limit  to  the  maximum  displacement  (viz.  At) 
comes  from  other  sources  of  error  as  the  following 
ones:  in  presence  of  a  non-zero  acceleration  level  in  the 
flow  field,  the  error  associated  to  the  approximation  of 
the  Eulerian  velocity  in  PIV  is  a  linear  function  of  the 
particle  displacement  (Boillot  and  Prasad  1996). 


Out-of-plane  motions  cause  loss-of-pairs  and 
degradation  of  the  signal  peak  (Keane,  Adrian  and 
Zhang  1995). 

Loss-of-pairs  is  also  due  to  strong  vorticity  levels  in  the 
flow  (Huang,  Fielder  and  Wang  1993). 

Comparing  the  two  patterns  in  fig  5  for  the  basic 
method,  at  the  higher  end  of  the  analyzed  range  of 
displacements,  the  standard  deviation  can  exceed  one 
tenth  of  a  pixel;  while  the  value  corresponding  to  the 
application  of  WIDIM  keeps  below  0.04  pixels. 

Also  in  this  case  it  has  to  be  remarked  that  the  periodic 
scattering  has  a  main  source  in  the  degradation  of  the 
second  image.  This  leads  to  overestimate  the 
uncertainty  level. 


Fig.  4  -  Measurement  error.  Umeas4JexacI/Uexact.  DPIV 
results  relative  to  a  uniform  spatial  shift  in  both 
directions. 
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Fig.  5  -  Measurement  uncertainty:  standard  deviation  of 
the  measured  displacement  distribution. 


3.  EXPERIMENTAL  INVESTIGATION 

Fig.  6  shows  a  sketch  of  the  experimental  section. 
The  primary  elements  of  the  facility  are: 

*  the  wind  tunnel 
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*  the  LASER  cavities 

*  the  seeding  device 

*  the  acquisition  system 
Wind  tunnel  and  model 

Tiie  experiments  have  been  conducted  in  a  VKI 
subsonic  wind  tunnel  20x20  cm2  test  section.  An 
horizontal  flat  plate  divides  the  test  section  into  two 
channels:  the  backward  facing  step  is  installed  in  the 
upper  channel  (fig.  6). 


A  nozzle  sprays  oil  droplets  on  a  hot  plate  (-150  C), 
the  oil  vaporizes,  exits  the  chamber  and  enters  the  wind 
tunnel  blower  through  a  flexible  pipe.  The  condensed 
oil  droplets  in  the  test  section  have  a  mean  diameter  of 
1  pm. 

Acquisition  system 

To  acquire,  display  and  record  digital  images,  use  has 
been  made  of  a  commercial  PIV  system  “INSIGHT”, 
developed  by  TSI.  The  system  is  composed  of:  CCD 
video  sensor  (640x480pixels,  256  gray  levels)  able  to 
acquire  couples  of  images  at  a  rate  of  10  or  15  Hz;  PC 
with  acquisition  board  and  equipped  with  a  dedicated 
PIV  software;  LASER  synchronizer. 


3.1  Measurement  Conditions 

A  sketch  of  the  region  over  which  the  measurements 
have  been  performed  is  shown  below. 


Fig.  6  -  Geometry'  of  the  test  section  (quotes  in  cm). 


The  resulting  test  section  is  20(w)xl0(h)  cm2.  The  flow 
is  supplied  by  a  centrifugal  fan  driven  by  an 
asynchronous  motor.  Air  is  blown  through  filters  into  a 
settling  chamber.  The  contraction  ratio  between  the 
sections  of  this  chamber  and  that  of  the  wind  tunnel  is 
equal  to  6.  The  nominal  turbulence  intensity  at  the  inlet 
is  of  0.3%. 


At  the  leading  edge  of  the  flat  plate  ,  a  rough  sand 
paper  is  placed  to  trigger  the  transition  of  the  boundary 
layer.  The  step  occurs  at  76  cm  from  the  leading  edge 
of  the  plate.  The  step  height  is  h-2  cm  .The  expansion 
ratio  is  defined  as: 

(10) 


ER=- 


where  Ly  is  the  channel  height  downstream  the  step. 
For  the  present  case  ER=1 .2. 

The  surface  of  the  step  and  downstream  of  it  is  made  of 
polished  stainless  steel  in  order  to  fulfill  two  needs:  1) 
to  avoid  that  the  laser  beam  penetrates  into  the 
Plexiglas,  2)  to  reflect  the  laser  sheet  back  into  itself. 
This  also  allows  to  increase  the  light  intensity  in  the 
measurement  region  yielding  a  final  enhanced  contrast 
of  the  pictures. 

LASER  and  optics 

The  light  source  was  a  double  cavity  pulsed  Nd:  Yag 
LASER.  A  5mm  diameter  light  beam  passes  through  a 
first  semi-cylindrical  lens  that  opens  the  beam  in  the 
horizontal  plane,  then  a  spherical  lens  of  appropriate 
focal  length  makes  the  light  paths  parallel  to  the  optical 
axis,  but  it  also  concentrates  the  beam  in  the  vertical 
plane.  A  second  semi-cylindrical  lens,  turned  at  90° 
from  the  first  one,  deviates  the  rays  in  parallel 
directions.  The  laser  sheet,  horizontal  at  first,  is  finally 
reflected  vertically  towards  the  test  section  by  a  prism. 
Seeding  device 

A  VKI  built-in  oil  smoke  generator  has  been  used. 


Fig.  7  -  The  two  measurement  areas  (quotes  in  mm). 


In  order  to  reach  a  high  resolution  and  to  adapt  the 
aspect  ratio  of  the  sensor  FOV  (4/3)  to  the  one  of  the 
region  of  interest,  it  has  been  decided  to  split  the 
acquisition  over  the  entire  measurement  domain  into 
two  sessions  pointing  the  sensor  on  two  adjacent 
regions  as  shown  in  fig.  7.  Adding  together  the  data 
coming  out  of  the  two  acquisitions  all  the  region  of  re¬ 
circulation  hasbeen  investigated,  including  the  region 
of  reattachment. 

The  Reynolds  number  for  this  configuration  is  defined 
as: 


During  the  experiments  Re^OOO,  Uo=3.8.m/s  and 
v=1.52E-5  m2/s. 

The  separation  between  the  two  LASER  pulses  has 
been  chosen  in  order  to  obtain  a  relatively  large  particle 
displacement  distribution  between  the  two  pictures. 

This  is  a  fundamental  requirement  to  achieve  a  good 
accuracy.  With  a  pulse  separation  of  5t=300  ps,  the 
corresponding  maximum  displacement  over  the  whole 
field  was  of  about  ten  pixels. 


4.  RESULTS 


Since  the  PIV  technique  is  a  field  measurement 
technique,  it  can  yield  data  sets  comparable  to  the  ones 
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coining  from  the  most  recent  and  sophisticated 
computational  techniques. 

In  the  following  paragraphs  the  results  of  the  PIV 
measurements  will  be  presented  and  a  special  attention 
is  devoted  to  the  quantitative  comparison  of  the 
experimental  data  with  the  ones  coming  from  DNS  (Le 
et  al.)  and  from  LDV  (Jovic  and  Driver)  who  studied 
the  same  case. 

Inlet  conditions 

The  mean  inlet  velocity  and  the  turbulence  intensity 
profiles  have  been  experimentally  determined  by  means 
of  Hot  Wire  measurement  (x  =  -3h).  The  boundary 
layer  thickness  was  found  to  be  Sgg=  1 .2h  with  a 
maximum  turbulence  intensity  level  TIbi=0.11  inside 
the  BL  and  a  free  stream  level  TIfS=0.008.  These  values 


find  a  good  correspondence  with  both  DNS  and  LDV 
inlet  data. 

Processing  parameters 

The  processing  of  the  acquired  images  makes  use  of  a 
three  point  gaussian  interpolation  for  the  estimation  of 
the  peak  location  with  sub-pixel  accuracy  and  the 
following  sequence  of  window  sizes  in  the  grid 
refinement:  (I)  64x32  pixels,  (II)  32x16  pixels,  (HI) 
16x8  pixels.  A  50%  final  overlap  factor  is  applied 
yielding  a  grid  spacing  of  8x4  pixels  (0.9x0.48  mm  ). 
Instantaneous  velocity  field 

A  typical  instantaneous  flow  pattern  is  shown  in  fig.  8. 
The  velocity  is  normalized  by  U0.  Intense  span-wise 
vortices  are  visualized  in  fig.  9  where  the  fluctuating 
velocity  field  is  plotted. 


Fig.  9  -  Instantaneous  fluctuating  velocity  distribution. 


Statistical  flow  quantities 

A  statistical  analysis  of  the  turbulence  has  been 
conducted  considering  208  available  sample  fields.  The 
measurement  conditions  allow  to  consider  each 
velocity  field  independent  of  the  following  and 
preceding  one.  Fig.  10  shows  the  average  velocity  and 


vorticity  fields.  It  is  possible  to  visualise  the  mean 
shear  inversion  at  the  wall  (x/h~6).  A  small  set  of 
stream  traces  aid  the  detection  of  the  mean 
reattachment  region.  A  minor  inversion  is  also  noticed 
in  the  bottom  step  corner  (x/h<l)  where  a  secondary 
mean  re-circulation  region  has  been  detected. 
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Fig.  10  -  Mean  velocity  and  span-wise  vorticity.  Velocity  profiles  are  represented  one  over  six  for  clarity.  Vorticity 
values  are  normalised  with  the  field  maximum  value.  Positive  values  refer  to  clockwise  vorticity. 


Fig.  1 1  -  Mean  stream- wise  velocity  component  at  different  abscissae. 


The  comparison  between  PIV,  LDV  and  DNS  data  is 
presented  in  figs.  11,  12  and  13  where  vertical 
profiles  of  mean  and  fluctuating  quantities  have  been 
extracted  from  the  whole  field  PIV  data  available.  It 
is  possible  to  appreciate  that  the  resolution  reached  in 


the  PIV  interrogations  leads  to  the  detailed 
description  of  the  shear  region  downstream  the  step. 
This  is  particularly  evident  observing  the  steep 
velocity  profile  at  x/h  =  0.5.  PIV  data  agree  with 
DNS  as  well  as  LDV  results  within  the  estimated 
uncertainty  level  (5%  of  the  free  stream  velocity  U0). 
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5.  CONCLUSIONS 

An  improved  algorithm  to  interrogate  digital  PIV 
recordings  has  been  proposed.  The  performances  of  the 
technique  in  terms  of  dynamic  range  and  spatial 
resolution  have  been  evaluated.  The  application  of 
successive  (cross-correlation)  analysis  steps  with 
window  refinement  showed  an  enlargement  of  the 
dynamic  range  taking  as  a  reference  a  one-step 
algorithm. 

The  measurement  of  the  turbulent  flow  on  the  BFS 
allowed  the  detailed  characterisation  of  the  flow  field 
over  the  whole  separation  region.  The  estimated 
uncertainty  of  the  measurement  of  the  instantaneous 
velocity  is  of  0.5%  of  the  free  stream  value.  The 
measurement  error  increases  for  the  statistical 
quantities  (3%  for  the  mean  quantities  and  6%  for  the 
Reynolds  stress  terms)  due  to  the  limited  number  of 
flow  samples. 

The  spatial  resolution  of  0.9x0.48  mm2  grid  spacing 
and  the  above-mentioned  uncertainties  assessed  the 
capability  of  the  technique  of  analysing  successfully 
this  kind  of  flow.  The  comparison  with  numerical  and 
experimental  data  available  on  the  same  test  case 
showed  a  good  quantitative  agreement. 

The  whole  image  processing  procedure  did  not  make 
use  of  image  pre-processing.  As  a  consequence  the 
additional  computational  load  due  to  the  multiple 
iterations  grew  linearly  with  the  number  of  iterations 
and  a  speed  of  about  300  vectors/s  was  achieved  with 
an  ordinary  PC  (Pentium  200). 

The  authors  are  currently  working  on  further 
improvements  of  the  technique.  Schemes  allowing  full 
windows  transformations  (translation  +  rotation  + 
stretching)  are  in  assessment  phase. 
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ABSTRACT 

A  nonintrusive  method  to  measure  temperature  and 
pressure  utilizing  broadband  excitation  and  detection  of 
oxygen  fluorescence  is  presented.  The  required  finely- 
tuned  laser  excitation  source  is  replaced  by  a  more 
rugged  and  less  bulky  Xenon  flashlamp.  As  a  tradeoff, 
more  lines  are  excited  and  hence  more  fluorescence 
lines  need  to  be  monitored.  Using  a  numerical 
fluorescence  model,  temperature  and  pressure  sensitive 
bins  of  varying  sizes  (5,10,15,20  nm)  between  200  and 
300  nm  are  determined.  By  scaling  the  bin  values  with  a 
relatively  pressure  insensitive  bin,  a  pressure 
insensitivity  parameter  was  found  that  allowed  the 
determination  of  the  5  nm  bin  centered  about  222.5  nm 
to  be  the  most  temperature  sensitive  for  200-1500  K. 


1.  INTRODUCTION 

Current  mechanical  instrumentation  used  in 
temperature  and  pressure  measurements  are  more  suited 
for  studying  surface  conditions.  However,  even  then 
they  are  usually  exposed  to  the  flow  and  so  could  be 
potentially  damaged  by  adverse  flow  conditions.  Also, 
if  flowfield  values  are  desired,  their  placement  within 
the  flow  introduces  errors  due  to  flowfield  disturbances 
initiated  by  the  instrumentation.  Optical  methods  offer 
resolutions  to  these  shortcomings  and,  thus,  have 
sparked  considerable  interest. 

Among  optical  methods,  laser-induced  fluorescence 
(LIF)  has  been  a  popular  technique  in  the  measurement 
of  temperature  and  pressure  in  various  environments. 
The  fluorescence  emitted  by  a  molecule  is  dependent  on 
its  ground  state  population  distribution.  This 
distribution  is  in  turn  dependent  on  temperature  and 
pressure.  In  obtaining  this  distribution,  one  can 
determine  temperature  and  pressure. 


The  unavailability  of  a  light  source  for  excitation  in 
the  ultraviolet  (UV)  regime  was  a  primary  deterrent  to 
UV  fluorescence.  However,  with  the  advent  of  the  ArF 
and  KrF  laser,  many  techniques  utilizing  UV 
fluorescence  have  been  developed.  Luck  and  Muller 
(1977)  used  a  frequency  double  continuous  wave  (CW) 
dye  laser  and  the  combustion  product  OH  to  take 
advantage  of  the  temperature  dependence  in  the  Doppler 
broadening  component  of  a  spectral  linewidth. 
Seitzman,  Kychakoff,  and  Hanson  (1985)  used  a 
constant  mole  fraction  of  NO  as  a  seeding  material  in 
premixed  methane-air  flames  with  temperatures  between 
300  and  2500  K  to  derive  a  fluorescence  expression  as  a 
function  of  temperature.  Non-intrusiveness  was 
maintained  by  adding  only  a  small  amount  of  NO  to  the 
flow.  Rensberger,  Jeffries,  Copeland,  Kohse- 
Hoinghaus,  Wise,  and  Crosley  (1989)  measured  the 
fluorescence  output  of  OH,  NH,  CH,  and  CN  and  fitted 
it  to  a  synthetic  spectrum  with  temperature  and  Gaussian 
linewidth  as  parameters. 

Two-line  techniques  where  the  ratio  of 
fluorescence  from  two  separate  lines  are  taken  to 
remove  the  number  density  dependence  and  so  result  in 
a  ratio  dependent  only  on  temperature  have  also  been 
investigated.  Smith,  Price,  and  Williams  (1993) 
proposed  a  two-line  technique  using  calibration  curves 
and  two  ArF  excimer  lasers  temporally  separated  100  ns 
apart.  Massey  and  Lemon  (1984)  also  proposed  a  two- 
line  method  using  a  single  laser  and  two  temporally 
separated  laser  excitations  of  O2  lines  to  determine 
temperature  and  density  fluctuations.  Other  authors  who 
have  investigated  the  use  of  two-line  excitation  02 
fluorescence  are  Lee,  Paul,  and  Hanson  (1986)  and 
Grinstead,  Laufer,  and  McDaniel  (1993).  The  latter 
group  used  a  KrF  laser  and  two-  and  four-line  excitation 
techniques  in  their  measurements. 

Another  technique  using  an  ArF  laser  combines 
LIF  with  Raman  scattering  as  a  density  indicator. 
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Laufer,  McKenzie,  and  Fletcher  (1990)  proposed  this 
innovative  method  for  low  to  moderate  temperatures 
(60-500  K).  However,  for  higher  temperatures  the 
Raman  scattering  is  overshadowed  by  the  air 
fluorescence  and,  thus,  limits  the  temperature  range. 

All  of  the  above  methods,  however,  require 
accurate  excitation  of  specific  spectral  lines.  To  get 
around  this,  Lee  and  Hanson  (1986)  proposed  that  a 
method  utilizing  broadband  excitation  of  02  using  an 
ArF  laser  source  could  be  developed  due  to  the 
molecule's  large  absorption  coefficients.  However,  this 
still  requires  the  use  of  a  bulky  laser.  Thus,  we  propose 
to  use  broadband  excitation  and  broadband  detection  of 
the  02  molecule  with  a  durable  and,  relatively  small, 
Xenon  flashlamp  as  the  excitation  source.  In  this  paper, 
the  oxygen  fluorescence  spectrum  due  to  broadband 
excitation  is  calculated  via  a  numerical  program.  A 
segment  of  the  02  Schumann-Runge  band  (185-200  nm) 
is  used  for  the  excitation  range  due  to  its  strong 
absorption  coefficients.  The  resulting  fluorescence 
spectrum  between  200  and  300  nm  is  recorded.  This 
range  is  then  divided  into  bins  of  5  (10,  15,  20)  nm 
widths  and  their  pressure  and  temperature  sensitivity 
evaluated.  The  central  wavelength  of  each  bin  is 
incrementally  varied  one  nm  at  a  time  such  that  there  are 
5  (10,  15,  20)  bin  distributions.  Since  oxygen 

fluorescence  is  dependent  on  both  pressure  and 
temperature,  at  least  two  bins  are  required.  One  window 
being  designed  to  be  sensitive  to  temperature  while  the 
other  is  sensitive  to  pressure.  The  resulting  bins  will 
then  be  used  in  a  pending  experiment  to  validate  the 
technique. 

The  paper  is  divided  into  three  sections.  Section 
one  gives  a  brief  background  on  the  theory  behind  the 
technique.  Section  two  describes  the  02  fluorescence 
numerical  model.  Section  three  discusses  the 
determination  of  the  temperature-  and  pressure-sensitive 
spectral  regions  along  with  the  results. 

2.  Numerical  Fluorescence  Model 

The  premise  behind  the  use  of  LIF  lies  in  the 
temperature  and  pressure  dependence  of  the  ground  state 
population  distribution  and  the  fluorescence  intensity 
being  proportional  to  this  population.  The  temperature 
and  pressure  can  therefore  be  derived  from  the 
population  distribution.  For  the  cases  taken  here, 
oxygen  in  air  is  the  molecule  of  interest  such  that  the  02 
mole  fraction  is  known  and  so  does  not  pose  as  an 
additional  unknown.  Also,  the  oxygen  fluorescence  is 
ideally  modeled.  Attenuation  in  the  optical  paths  and 
inefficiencies  in  the  optical  components  are  presently 
not  accounted.  These  effects  will  be  included  in  the 


final  program  for  the  experiment.  Presently,  importance 
is  placed  on  whether  or  not  temperature  and  pressure 
sensitive  bins  can  be  found.  It  they  are  found,  then  a 
layout  of  the  optical  components  will  be  designed 
utilizing  these  bins.  The  required  pathlengths  would 
then  be  known  and  included  in  the  numerical  model. 
Furthermore,  due  to  a  focus  on  highly  predissociated 
states,  as  will  be  seen  later,  rotational  and  vibrational 
redistribution  was  assumed  negligible  such  that  the  two- 
level  absorption  model  used  here  sufficed. 

The  numerical  program  written  simulates  the 
oxygen  absorption  and  fluorescence  utilizing 
spectroscopic  constants  found  in  literature.  The  primary 
task  addressed  by  this  paper  is  the  determination  of 
fluorescence  regions  sensitive  to  temperature  or  to 
pressure  which  will  aid  in  the  design  of  a  pending 
experiment.  The  program  requires,  as  input,  the 
following  parameters:  1)  temperature,  2)  pressure,  3) 
exciting  wavelength  bandcenter,  and  4)  exciting 
bandwidth.  However,  to  ensure  adequate  energy  input 
from  the  source,  the  latter  two  parameters  are  fixed.  In 
the  original  design,  a  1  nm  excitation  bandwidth  was  to 
be  taken  between  185  and  200  nm.  However,  to 
maximize  light  energy  and  due  to  the  low  end  cutoff  of 
the  flashlamp  (190  nm),  a  10  nm  bandwidth  (190-200 
nm)  with  the  bandcenter  at  195  nm  was  taken.  The 
fluorescence  between  200  and  300  nm  was  then 
recorded.  This  reduces  elastic  contributions  from 
Rayleigh  and  Mie  scattering.  With  temperature  and 
pressure  as  variables,  the  code  calculates  the  resulting 
number  of  fluorescence  photons  as  a  function  of 
wavelength. 

The  individual  rotational  line  wavenumber,  wJT 
[cm'1],  of  the  allowed  02  transitions  is  the  first  to  be 
calculated.  Schumann-Runge  system  spectroscopic 
constants  B,  D,  and  G  are  taken  from  (Creek  and 
Nicholls,  1975)  along  with  the  following  relation  for  the 
wavenumber, 

wj1  r  =  wv  v"  +  m(Bv  +  Bv- )  +  m2  (Bv  -  Bv-  -  Dv  +  Dv )  - 
2  m3  (Dv  +  Dv )  -  m4  (Dv  -  Dv ) 

wv  v-  =  Gv  -  Gv  (i) 

m  =  J"  P  -  Branch 
m  =  J"+l  R- Branch 
AJ  =  + 1  — »  P  -  Branch  AJ  =  J"  -  J' 

AJ  =  - 1  -»  R  -  Branch 

J"  and  J’  represent  the  ground  and  excited  rotational 
state  quantum  numbers  while  v'  and  v"  apply  to  the 
ground  and  excited  vibrational  state  quantum  numbers, 
respectively.  The  program  evaluates  transitions  from 
v"=0-21  to  v'=0-21. 

Once  the  line  wavenumbers  are  calculated,  the 
Boltzmann  population  distribution  (Nv»j»)  is  found, 
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Fv-r  is  the  Boltzmann  Fractional  Population  of  the  v" 
vibrational  level  and  J"  rotational  level  and  k  is  the 
Boltzmann  constant  (1.381  x  10'23  J/K).  It  is  given  by, 


Tit' 

_  2J"  +  1  lTe(n)  +  G(v")  +  F(J")) 

Fv"j”=— — - — e  kT 
Qe  Qr  Qv 


(3) 


with  Qe,  Qr,  Qv  being  the  electronic,  rotational,  and 
vibration  partition  functions,  respectively.  The  terms 
within  the  brackets  of  the  exponential  account  for  the 
electronic,  vibrational,  and  rotational  energy 
contributions,  respectively.  In  the  ground  state,  Te(n)  is 
equal  to  zero.  The  values  for  the  G  term  (cm-1)  are 
tabulated  by  Creek  and  Nicholls  (1975).  The  rotational 
contribution  (cm'1)  is  given  by, 

F(J)  =  Bv(J”+l)J"  -  Dv(J"+1)2J2  (4) 


with  the  B  and  D  values  taken  from  Creek  and  Nicholls 
(1975). 

The  individual  absorption  line  strength  (cm'2  atm'1 ) 
is  next  calculated  by  the  following  relation, 


kv  v"  r  j" 


n  e 2  Nv  j”  fv  v"  Sr  r  T r  r 

me2  P  Xo,  2J"  + 1 


(5) 


Tjr  is  a  correction  factor  to  account  for  vibration- 
rotation  interaction  and  is  unity  in  this  case.  SjT  is  the 
Honl-London  factor  (Tatum,  1966)  evaluated  at  J"  for 
absorption. 

The  oscillator  strengths,  fvVs  is  related  to  the 
Einstein  spontaneous  emission  coefficients  through  the 
following  relation. 


AV'  V"  Ay.v. 

6.670  xlO15 


(6) 


Here  the  XvV-  is  in  angstroms  and  is  found  via  the  Bohr 
frequency  rule.  The  A  (sec'1)  coefficients  are  taken 
from  Allison,  Dalgamo,  and  Pasachoff  (1971). 

Line  broadening  is  accounted  for  next.  The  effects 
are  included  through  the  broadening  widths  associated 
with  natural  uncertainty  (bN),  collision  (bc), 
predissociation  (bpre),  and  Doppler  (bd).  The  "a" 
coefficients  required  to  calculate  the  predissociation 
linewidths  are  taken  from  Lewis,  Berzins,  Carver,  and 
Gibson  (1985).  The  broadening  terms  (cm'1)  are  given 
by  the  following  relations: 


bpre  =  a,  +  a2X  +  a3X2  +  a4X3  +  a5X4 

where X  =  J'(J'+1),  J’<40  (7) 
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P  is  the  pressure  (atm),  T  is  the  temperature  (K),  c  is  the 
speed  of  light  (cm/sec),  Wy  is  the  wavenumber  of  the 
transition  (cm'1),  and  Ay  is  the  Einstein  spontaneous 
emission  coefficient.  Natural  line  broadening  is 
considered  negligible  in  the  program  in  comparison  to 
the  other  broadening  terms.  The  broadening  terms 
affect  the  shape  of  the  spectral  line  and  are  modeled 
following  the  description  of  Penner  and  Kavanagh 
(1953).  Collision  broadening  is  pressure  dependent  and 
is  inversely  proportional  to  the  square  root  of  the 
temperature.  Predissociation  broadening  is  very 
prevalent  in  the  Schumann-Runge  band.  Doppler 
broadening  is  important  at  higher  temperatures  since  it 
varies  directly  with  the  square  root  of  temperature. 
Thus,  these  three  components  need  to  be  included  in  the 
model. 

Doppler  broadening  requires  a  Gaussian  lineshape 
while  predissociation  and  collision  result  in  a  Lorentzian 
lineshape.  The  Lorentzian  lineshape  is  similar  to  the 
Gaussian  except  that  it  drops  off  more  slowly  than  the 
latter  and,  hence,  models  the  lineshape  at  the  wings 
(edges)  poorly.  To  account  for  these  broadening 
contributions,  the  Voigt  lineshape,  which  combines  the 
Lorentzian  and  Gaussian  lineshapes,  is  used.  The  Voigt 
lineshape  is  numerically  modeled  following  the 
approximation  of  Whiting  (1968)  and  using  the 
correction  factors  of  Olivero  and  Longbothum  (1977). 

Once  the  lineshape  function  (<I>(w))  [cm]  is  found, 
the  calculation  of  the  upper  population  is 
straightforward  and  is  given  by  the  following  relation: 

Nvr  =  J  ILkv.vTrP0,  <£(w)dw 

(8) 

=  1 

II  is  the  number  of  photons  per  unit  wavenumber  from 
the  flashlamp  (photons/cm'1)  and  is  taken  from 
spectroscopic  data  supplied  by  EG&G  Corporation.  Lv0i 
is  the  length  of  the  probe  volume/slab  which  is  taken  to 
be  1  mm.  Calculation  of  the  emission  fluorescence 
photons  then  involves  the  multiplication  of  the  above 
population  by  the  Stem-Volmer  factor  (fluorescence 
yield): 
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f 


Sf  =  Nv'x 


k21 


V 


A21  +  Qpre  +  Qcol 


(9) 


Predissociation  dominates  the  deexcitation  processes  in  the 
Schumann-Runge  band  but  the  collision  quenching  rate 
(sec'1)  is  still  accounted  for  in  the  program.  The  A  terms 
are  the  Einstein  spontaneous  emission  coefficients. 


3.  Determination  of  Sensitive  Bins 

Before  calculating  the  oxygen  fluorescence,  the 
code  was  validated  by  comparing  its  calculation  of  the 
individual  line  strengths  and  spectral  absorption 
coefficients  to  those  of  Lee  and  Hanson  (1986).  For  these 
runs,  the  Xenon  flashlamp  was  replaced  with  a  broadband 
ArF  laser  at  193  nm.  The  results  compared  very  well. 

As  stated  earlier,  the  primary  task  is  to  find 
temperature-  and  pressure-sensitive  bandwidths.  Ideally,  it 
is  desirable  to  find  bandwidths  that  are  highly  temperature 
dependent  with  no  pressure  dependence  and  vice  versa. 
Furthermore,  to  make  this  method  as  robust  as  possible, 
the  applicable  temperature  and  pressure  range  would  be 
made  as  large  as  possible. 

The  oxygen  fluorescence  was  calculated  for 
temperatures  from  200  K  to  2000  K  at  100  K  increments 
for  pressure  values  of  0.1,  0.5,  and  0.5  atm  increments  to  5 
atm.  The  fluorescence  spectrum  for  oxygen  at  a  pressure 
of  1  atm  for  a  few  different  temperature  values  are  plotted 
in  Figure  1.  Note  that  each  plotted  fluorescence  value 
encompasses  a  band  of  0.5  nm.  As  can  be  seen,  the 
fluorescence  spectrum  becomes  cluttered  with  numerous 
lines  after  500  K  and  so  makes  isolation  of  a  specific 
spectral  line  very  difficult. 

Although  there  are  many  temperature  sensitive 
spectral  lines  to  choose  from,  spanning  a  larger  band 
would  be  easier  and  would  make  the  technique  more 
robust.  Several  bin  widths  (5,  10,  15,  and  20  nm)  were 
investigated  and  the  fluorescence  within  the  encompassing 
wavelengths  summed  and  assigned  to  the  midpoint  of  each 
bin.  The  initial  wavelength  for  the  first  distribution  was 
set  at  200  nm  and  increased  1  nm  at  a  time  for  each 
following  distribution.  This  resulted  in  5  (10,  15,  20)  bin 
distributions  for  bin  widths  of  5  (10,  15,  20)  nm.  The 
collection  wavelength  range  was  taken  to  be  200-300  nm 
to  reduce  the  effects  of  elastic  scattering.  Maximum 
sensitivity  was  taken  to  be  the  bin  with  the  largest  change 
in  fluorescence  photon  sum. 


Temperature  =  500  K,  Pressure  =  1  atm 


Temperature  =  1 000  K,  Pressure  =  1  atm 


During  an  initial  analysis  of  the  data,  highly 
temperature  sensitive  bins  were  found.  However,  after  a 
check  for  pressure  sensitivity,  it  was  realized  that  these 
bins  were  also  highly  sensitive  to  pressure.  A  check  of  all 
the  bins  turned  up  no  single  bin  to  be  sensitive  to 
temperature  or  to  pressure  alone.  This  led  to  a  different 
approach.  The  fluorescence  output  for  various  pressures  at 
500  K  is  shown  in  Figure  2.  It  became  evident  from  the 
plots  that  the  line  spectra  do  not  appear  to  change  other 
than  in  magnitude.  No  significant  new  peaks  are 
developed  as  the  pressure  is  varied.  It  was  surmised  that 
the  pressure  effect  on  the  fluorescence  was  basically 


Temperature  -  500  K,  Pressure  =0.5  atm 
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linear.  Thus,  if  a  ratio  of  two  bins  were  to  be  taken,  the 
effects  of  pressure  would  be  removed  and  the  remaining 
ratio  would  be  a  function  of  temperature  only.  This  was 
attempted  and  the  results  for  a  5  nm  bin  width  are  shown 
in  Figure  3.  As  can  be  seen,  this  pressure  linearity  was 
predominantly  the  case  except  at  the  larger  temperature 
values.  This  will  be  discussed  in  more  detail  later.  A 
note  to  consider  is  that  even  if  the  pressure  dependence 
is  removed,  the  resulting  ratio  would  still  need  to  be 
single-valued  with  temperature  if  only  two  bins  are 
monitored. 


Temperature  =  500  K,  Pressure  =  0.5  atm 


Wavelength  (nm) 

Figure  2a:  Fluorescence  Photons  at  0.5  atm 


Wavelength  (nm) 

Figure  2b:  Fluorescence  Photons  at  2  atm 


In  the  choice  of  the  temperature  sensitive 
bandwidths  of  the  scaled  fluorescence  and  due  to  the 
slight  pressure  sensitivity  at  higher  temperatures,  it  was 
still  necessary  to  check  for  pressure  independence.  The 
bin  location  showing  the  least  pressure  sensitivity  was 
chosen  to  be  the  scaling  parameter  for  the  other  bins. 
After  an  evaluation  of  the  summed  fluorescence,  the  last 
bin  was  found  to  be  consistently  the  one  with  the  least 
variation  and,  so,  it  was  used  as  the  scaling  component. 

The  pressure  dependence  of  the  fluorescence  for 
the  investigated  pressure  range  is  almost  linear.  At 
higher  pressure  values,  the  pressure  influence  will  be 
seen  through  the  collisional  quenching  rate  as  it 
becomes  comparable  to  the  predissociation  rate.  It  will 
also  appear  in  the  evaluation  of  the  spectral  linewidths 
(Equation  7)  and  in  the  calculation  of  the  number  of 
excited  particles  (Equation  8).  The  first  two  cited 
effects  are  relatively  small  if  the  excited  states  are  highly 
predissociated  such  that  collisional  relaxation  becomes 
negligible  as  in  low  temperatures.  At  300  K,  most  of  the 
fluorescence  comes  from  the  v'=4-8  vibrational  states 
which  are  all  dominated  by  predissociation  (Lewis  et  al, 
1985).  Thus,  as  seen  in  Figure  3,  the  fluorescence  is 
basically  pressure  independent.  However,  at  higher 
temperatures,  other  excited  states  (v'=9,  10,  12,  13,14) 
become  a  factor.  These  states  are  not  as  strongly 
predissociated  and,  so,  collision  broadening  and 
quenching  are  no  longer  negligible.  Thus,  the 
fluorescence  becomes  a  nonlinear  function  of  pressure. 
At  still  higher  temperatures  (1500  and  2000  K), 
although  the  collision  linewidth  decreases  due  to  its  T'14 
dependence,  contributions  from  higher,  less 
predissociated  excited  states  result  in  the  slight  increase 
in  the  fluorescence  nonlinearity  with  pressure  (Figure  3). 
Thus,  to  ensure  pressure  linearity,  the  choice  of  the 
collection  band  must  be  carefully  made  such  that  it 
encompasses  transitions  from  highly  predissociated 
states. 


Wavelength  (nm) 

Figure  2c:  Fluorescence  Photons  at  5  atm 
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This  led  to  three  criterions  necessary  for  the  bin 
choice.  These  criterions  are,  pressure  insensitivity, 
temperature  sensitivity,  and  the  fluorescence  ratio  being 
single-valued  with  temperature.  The  pressure 
insensitivity  was  determined  via  the  ratio  described 
above.  Dividing  the  standard  deviation  of  the  scaled 
fluorescence  values  for  different  pressures  at  a  specific 
temperature  by  their  arithmetic  average  resulted  in  a 
parameter  that  measured  the  pressure  insensitivity.  The 
smaller  the  value,  the  smaller  the  pressure  dependence 
of  the  bin.  The  temperature  sensitivity  was  determined 
through  the  slope  of  the  scaled  fluorescence  versus 
temperature  at  constant  pressure.  The  greater  the  slope, 
the  larger  the  temperature  sensitivity.  A  plot  of  the 
scaled  fluorescence  versus  temperature  for  five  bins  is 
shown  in  Figure  4.  The  one-to-one  correspondence  in 
the  fluorescence  ratio  with  temperature  involved  making 
sure  the  slopes  between  each  temperature  points  never 
changed  signs  or  went  to  zero.  A  check  on  this  resulted 
in  no  bins  satisfying  it  until  2000  K.  Thus,  it  was 
decided  to  set  the  upper  temperature  limit  for  all  bins  at 
1500  K.  If  higher  temperatures  are  required,  the 


temperature  range  would  need  to  be  subdivided  and  a 
selection  of  a  more  appropriate  bin  within  each 
subdivision  could  be  done  by  simply  going  through  the 
three  criterions  mentioned  above.  In  this  way,  even 
more  temperature  sensitive  and  pressure  insensitive  bins 
may  be  found.  However,  for  a  very  general  and  robust 
technique,  it  was  decided  to  set  the  upper  temperature 
limit  to  1500  K. 


insensitivity  and  using  10%  as  the  cutoff,  45  bins  were 
chosen.  Reducing  the  cutoff  tolerance  to  5%  reduce  this 
number  to  23.  These  bins  are  shown  in  Table  1. 


Table  1 :  Pressure  Sensitivity 


Bin 

Width 

(nm) 

Amid  (nm) 

Average 

STD/Ave 

1 

5 

222.5 

0.031 

2 

5 

227.5 

0.034 

3 

5 

239.5 

0.025 

4 

5 

243.5 

0.030 

5 

5 

244.5 

0.015 

6 

5 

245.5 

0.012 

7 

5 

264.5 

0.023 

8 

5 

284.5 

0.034 

9 

10 

216 

0.032 
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10 

10 

217 

0.034 

11 

10 

237 

0.013 

12 

10 

262 

0.013 

13 

10 

263 

0.028 

14 

10 

275 

0.032 

15 

15 

226.5 

0.010 

16 

15 

240.5 

0.012 

17 

15 

241.5 

0.009 

18 

15 

242.5 

0.011 

19 

15 

243.5 

0.019 

20 

15 

245.5 

0.021 

21 

15 

246.5 

0.024 

22 

15 

271.5 

0.021 

23 

20 

210 

0.003 

A  sample  plot  of  the  fluorescence  ratios  for  five  of 
the  above  bins  which  show  the  largest  temperature 
sensitivity  is  given  in  Figure  4.  Examining  the  plot 
shows  that  the  second  criteria  is  satisfied  most  by  bin  1, 
especially  at  moderate  temperatures. 


Temperature  (K) 

Figure  4:  Averaged  Scaled  Bin  Fluorescence  Values 

Note  that  after  800  K,  the  temperature  sensitivity  is 
almost  nil.  Thus,  it  appears  that  the  temperature  range 
should  be  broken  down  further.  If  the  entire  temperature 
range  of  200  -  1500  K  is  still  necessary,  more 
temperature  sensitive  bins  within  each  sub-range  would 
need  to  be  found  and  monitored. 

Once  temperature  is  known,  the  pressure  would  be 
determined  from  the  (at  least)  two  measured 
fluorescence  bin  values  (centered  about  222.5  nm  and 
297.5  nm).  These  values  will  be  scaled  with  the  input 
intensity  to  remove  flash-to-flash  variations  in  the  input 
source.  The  pressure  would  then  be  inferred  from  a 
calibration  curve  constructed  with  results  of  the  code  for 
a  range  of  temperatures  and  pressures. 

4.  Conclusion 


The  feasibility  of  using  a  Xenon  flashlamp  to 
measure  temperature  and  pressure  by  fluorescing  oxygen 
molecules  has  been  discussed.  It  has  been  shown  that 
for  the  bins  evaluated,  there  is  no  single  bin  that  is  either 
solely  dependent  on  temperature  or  on  pressure. 
However,  due  to  the  almost  linear  dependence  of 
fluorescence  on  pressure,  a  ratio  could  be  taken  that 
effectively  remove  the  pressure  dependence  for  bins  that 
encompass  excited  states  with  predissociation 
dominating  the  relaxation  processes.  The  only  other 
criteria  to  take  note  of  is  that  this  ratio  needs  to  be 
single-valued  with  temperature.  From  the  above 
analysis,  the  5  nm  bin  centered  about  222.5  nm  scaled 
by  the  5  nm  bin  centered  about  297.5  nm  gives  the  best 
sensitivity  to  temperature  with  low  sensitivity  to 
pressure.  This  along  with  the  ratio’s  one-to-one 
correspondence  with  temperature  allows  the 
determination  of  temperature  up  to  1500  K.  Once  the 
temperature  is  found,  the  pressure  is  arrived  at  using  the 
two  absolute  fluorescence  bin  counts  (normalized  by 
input  energy)  and  a  calibration  curve. 
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ABSTRACT 

In  many  cases  it  is  necessary  to  measure  local  water 
temperatures  with  high  local  resolution.  The  usage  of 
common  thermocouples  limits  the  local  resolution,  affects 
the  temperature  field  and  may  cause  incorrect  readings. 

The  paper  presents  a  new  technique  to  measure 
temperatures  of  liquid  water  in  situ,  using  an  optical 
measurement  method  -  linear  Raman  spectroscopy.  The 
shape  of  liquid  water  Raman  spectra  changes  with 
temperature  and  this  allows  to  measure  water  temperatures 
one  dimensionally  -  that  means  along  a  laser  beam  -  with 
good  accuracy. 

Two  dimensional  measurements  miss  one  of  the  major 
advantages  of  one  dimensional  Raman  measurements.  The 
spectral  information  about  the  fluorescence  background 
will  be  lost  and  this  reduces  accuracy.  But  it  might  be  a 
valuable  method  to  locate  and  evaluate  local  temperature 
differences. 


INTRODUCTION 

Raman  spectroscopy  is  a  well  established  method  to 
measure  concentrations  in  gases  or  liquids,  to  investigate 
the  molecular  structure  of  pure  substances  and  to  measure 
temperatures  in  flames  or  high  temperature  gas  flows. 

There  are  two  different  effects  which  can  be  used  to 
measure  temperatures  by  means  of  Raman  spectroscopy. 

The  first  effect  originates  from  the  ratio  between  gas 
molecules  which  are  in  a  vibrational  exited  state  and  gas 
molecules  in  the  vibrational  ground  state.  This  ratio 
depends  on  the  gas  temperature  according  to  Boltzmann's 
law.  The  effect  requires  gas  temperatures  above  1000  K, 
because  there  won't  be  a  significant  number  of  molecules 
in  an  exited  state  otherwise.  The  most  common  application 
of  Raman  spectroscopy  is  to  measure  temperatures  in 
flames,  therefore.  In  this  case  flame  temperatures  can  be 
calculated  from  the  ratio  between  stokes  and  antistokes 
peak  of  a  certain  component  like  nitrogen  for  example  or 
from  the  shape  of  the  vibrational  line  of  nitrogen  for 


example  (Schrader,  1995) 

A  completely  different  effect  allows  to  measure  the 
temperature  of  liquid  water  by  means  of  Raman 
spectroscopy. 

The  shape  of  Raman  spectra  of  liquid  water  is  quite 
different  to  the  shape  of  Raman  spectra  of  water  vapor, 
because  hydrogen  bonds  affect  the  O-H-stretching 
vibration.  The  number  of  hydrogen  bonds  depends  on  the 
temperature  and  the  shape  of  liquid  water  Raman  spectra 
changes  with  temperature,  too,  therefore. 

Walrafen  et  al.  (1986)  described  the  influence  of  the 
hydrogen  bonds  to  the  vibrational  line  near  3652  cm'1 
already  in  1967.  He  notified  a  temperature  dependence  of 
the  shape  of  the  Raman  peak  in  the  region  between  3000 
and  3800  cm'1.  Walrafen  and  Fujita  and  Ikawa  (1989)  used 
this  effect  to  determine  the  molecular  structure  of  liquid 
water  and  to  determine  the  bonding  energy  of  hydrogen 
bonds  by  means  of  Raman  spectroscopy  and  infrared 
spectroscopy. 

Leonard  et  al.  (1979)  started  a  first  attempt  to  use  this 
effect  for  water  temperature  measurements  in  the  early 
seventies.  He  developed  an  airborne  LIDAR  system  to 
measure  ocean  water  temperatures  over  large  ocean  areas. 
He  measured  water  temperatures  100  m  below  the  water 
surface.  Within  a  depth  of  3  m  he  got  an  accuracy  of  ±  1,2 
K.  Schwaiger  (1992)  used  the  effect  to  measure 
temperatures  of  water  droplets. 

Leonard  used  Raman  spectroscopy  to  determine  water 
temperatures  from  discrete  points  without  investigation  of 
local  temperature  distributions. 

In  our  previous  work  we  applied  Raman  spectroscopy 
to  measure  the  water  temperature  distribution  along  a  laser 
beam.  We  measured  water  temperatures  simultaneously 
with  concentration  profiles  in  a  steam-nitrogen  boundary 
layer  during  condensation  in  the  presence  of  a  non 
condensable  gas  (nitrogen)  to  calculate  condensation  heat 
transfer  coefficients  (Karl,  1997).  With  another 
experimental  set-up  we  focused  the  laser  beam  vertically 
through  a  water  layer  and  measured  the  water  temperature 
distribution  along  the  laser  beam. 

We  obtained  one  dimensional  temperature  profiles, 
therefore,  which  allowed  to  calculate  local  heat  transfer 
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coefficients  during  direct  contact  condensation  (Karl  and 
Hein,  1997) 

Our  recent  work  was  aimed  at  possibilities  to  measure 
water  temperatures  in  two  dimensions  to  get  in  situ 
detailed  two  dimensional  images  of  a  temperature 
distribution  in  liquid  water  flows. 

The  best  way  to  evaluate  Raman  signals  is  to  register 
the  entire  spectral  information  using  a  spectrograph. 

The  main  advantage  of  Raman  spectroscopy  for 
various  applications  is,  that  the  required  Raman  signal  can 
be  separated  from  any  Mie-,  Rayleigh-  or  Fluorescence 
signal.  But  separation  of  those  signal  components  requires 
that  the  spectral  information  is  available  completely. 

Using  a  spectrograph  together  with  a  CCD  camera 
allows  to  get  one  dimensional  temperature  distribution  for 
example  along  the  laser  beam.  As  shown  in  Fig.  1  the 
images  provided  by  the  a  CCD  chip  can  be  used  to  get 
spectral  information  simultaneously  to  local  information. 
Each  pixel  row  provides  a  spectrum  corresponding  to  a 
certain  location  of  the  laser  beam,  then. 

Of  course  it  is  not  possible  to  get  two  dimensional 
information  for  flow  field  measurements  with  such  a 
configuration,  simultaneously,  because  one  dimension  of 
the  two  dimensional  CCD  detector  is  necessary  to  provide 
the  spectral  information. 

Measuring  water  temperatures  in  two  dimensions 
causes  the  loss  of  the  spectral  information  and  reduces  the 
accuracy  inevitably.  But  in  case  not  absolute  temperatures 
but  temperature  differences  are  looked  for,  two 
dimensional  measures  can  make  valuable  results. 


RAMAN  SPECTRA  OF  LIQUID  WATER 

Raman  scattering  is  an  inelastic  light  scattering 
process.  A  molecule  may  scatter  light  of  any  wavelenght 
either  elastically  -  that  means  without  wavelength  shift  - 
or  inelastically.  In  that  case  the  scattered  light  is  shifted  to 
a  different  wavelength.  The  first  case  is  called  Raleigh 
scattering  and  the  second  case  is  called  Raman  scattering. 
Inelastic  scattering  of  incident  light  means,  that  a  certain 
amount  of  energy  remains  in  the  molecule.  The  energy 
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Fig.  1 :  Raman  spectrum  of  air 


loss  of  the  scattered  light  quantum  corresponds  to  the 
energy  of  a  certain  molecule  vibration  caused  by  the 
scattering  process. 

Those  molecule  vibrations,  for  example  stretching  or 
rotational  vibrations,  are  specific  for  the  molecule.  This 
allows  to  use  Raman  spectroscopy  in  quantitative  chemical 
analysis  or  to  investigate  the  molecule  structure. 

The  Raman  shift  of  a  certain  molecule  depends  on  the 
energy  of  a  molecule  vibration  and  on  the  structure,  the 
atomic  distance  and  the  atomic  weights  of  a  molecule, 
therefore. 

A  typical  spectrum  of  air  is  shown  in  Fig.  1.  We  used 
an  argon-ion  laser  operating  in  single  line  mode  at  488  nm 
to  obtain  this  spectrum.  This  laser  wavelength  caused  an 
oxygen  peak  at  528  nm,  a  nitrogen  peak  near  550  nm  and  a 
single  narrow  water-vapor  peak  near  594  nm.  This  water 
peak  is  caused  by  the  vs  O-H-stretching  vibration  of  the 
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Fig.  2:  Vibrational  modes  of  water  molecules 

It  is  a  single  narrow  peak  like  the  peaks  caused  by  two 
atomic  nitrogen  or  oxygen  molecules. 

As  shown  in  Fig.  3  the  Raman  spectrum  of  liquid  water 
is  quite  different.  The  same  O-H-bond  is  now  affected  by 
hydrogen  bonds,  which  increase  the  atomic  distance 
between  the  oxygen  and  the  involved  hydrogen  atom. 

This  effect  decreases  the  energy  of  the  O-H-stretching 
vibration  and  reduces  the  Raman  shift.  The  liquid  water 
peak  is  much  wider  then  the  vapor  peak,  because  the  angle 
between  the  O-H-bond  and  the  hydrogen  bond  may  differ. 
The  influence  of  the  hydrogen  bonds  to  the  O-H-stretching 
vibration  depends  on  the  angle  between  the  hydrogen  bond 
and  the  O-H-bond. 


Fig.  3:  Raman  spectra  of  Liquid  and  vaporous  water 
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(1) 


The  shape  of  the  liquid  water  peak  changes  with  the 
temperature  as  shown  in  Fig.  4 

Walrafen  explained  this  effect  with  a  temperature 
dependent  equilibrium  between  hydrogen-bonded  and  non 
hydrogen-bonded  O-H  stretching  oscillators  in  liquid 
water.  The  number  of  established  hydrogen  bonds 
decreases  with  higher  temperatures. 

This  effect  can  be  used  to  measure  water  temperatures 
with  an  accuracy  of  about  ±  2  K  using  an  algorithm 
described  in  (Karl  and  Weiss,  1997) 

Fig.  4  shows  the  shape  of  measured  Raman  spectra  of 
liquid  water  at  temperatures  between  30  and  100  °C.  After 
base  line  extraction  the  normalized  water  peaks  cross  at  the 
same  point  ( isosbestic  point)  as  documented  by  Walrafen. 


Fig.  4:  Temperature  dependence  of  the  vs-  Stretching 
region  of  liquid  water 
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Assuming  that  the  hydrogen-bonded  and  the  non 
hydrogen-bonded  water  O-H-bonds  cause  peaks  in  the 
Raman  spectra  with  a  differential  cross  section  SM  and  SP  , 
Eq.  (1)  may  be  written  as 
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A  linear  least  squares  fit  to  measured  temperature  and 
intensity  data  provided  the  coefficients  C]  and  c2.  We  used 
Vant’Hoffs  principle  to  compute  the  enthalpy  of  the 
hydrogen  bonds  AH0  from  coefficient  c1  and  obtained  a 
value  of  10.47  ■  103  KJ/kmol.  This  value  is  in  good 
agreement  to  the  enthalpies  published  elsewhere. 

If  the  intensity  ratio  -^-  is  known  from  measured  data 
the  liquid  water  temperature  can  be  calculated  from 


1259.66  K 


(4) 


TEMPERATURE  EVALUATION  PROCEDURES 


The  real  molecular  structure  of  liquid  water  is  quite 
complicated,  but  in  simplified  terms  it  can  be  said  that  the 
water  peak  consists  of  two  peaks  with  a  maximum  at  577,6 
nm  and  589,4  which  represent  the  hydrogen  bonded  O-H- 
bonds  and  the  non  hydrogen  bonded  O-H  bonds. 

The  shape  of  those  difference  spectra  proved  to  be 
useful  to  get  the  intensity  ratio  between  the  peak  of  the 
hydrogen  bonded  and  the  non  hydrogen  bonded  molecules. 

Assuming  a  temperature  dependent  equilibrium 
between  hydrogen-bonded  and  non  hydrogen-bonded  vr 
stretching  oscillators,  this  equilibrium  may  also  be 
interpreted  as  an  equilibrium  between  hydrogen-bonded 
(polymer)  and  non  hydrogen-bonded  (monomer)  water 
molecules 


H— O' 


h'  xh  +  \ 


H 


H— O'  ' H " 


polymer 


The  concentration  ratio  of  the  established  bonds 
represents  the  equilibrium  constant  of  that  equilibrium. 
This  constant  can  be  expressed  by  the  enthalpy  of  the 
hydrogen  bonds  AH0  and  the  entropy  (Atkins,  1986) 


There  are  two  different  ways  to  obtain  that  intensity 
ratio. 

The  first  method  requests  a  monochromator  or  a 
spectrograph  as  mentioned  above  and  uses  the  whole 
spectral  information  for  temperature  evaluation.  The 
spectrograph  or  monochromator  provides  a  complete 
Raman  spectrum,  which  allows  to  calculate  the  intensity 

ratio  —  with  best  reliability. 

The  main  advantage  of  this  method  is,  that  any 
Rayleigh,-  Mie  or  fluorescence  signal  can  be  separated  and 
discharged  easily. 

A  base  line  extraction  can  be  done  automatically  using 
a  line  fitting  procedure  which  separates  the  signals  of  the 
spectrum.  The  image  processing  procedure  presented  by 
Karl  and  Weiss,  1997  provided  water  temperatures  with  an 
accuracy  of  less  than  ±  2  K  within  a  temperature  range 
between  20  and  180  °C  as  shown  in  Fig.  5. 

Raman  spectroscopy  has  proofed  to  be  an  adequate 
method  to  get  one  dimensional  temperature  profiles, 
therefore.  But  there  are  various  applications  where  two 
dimensional  measurements  might  be  more  useful.  The 
second  method  to  obtain  water  temperatures  uses  narrow 
band  width  interference  filters.  The  idea  is  to  use  two 
narrow  band  bandpass  filters  which  transmit  mainly  the 
Raman  signals  of  hydrogen  bonded  and  non  hydrogen 
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bonded  O-H  bonds. 

The  laser  beam  can  be  expanded  to  a  light  sheet.  A 
CCD  camera  samples  the  scattered  light  with  or  without  a 
spectrograph.  Two  images  of  the  light  sheet  taken  with 
different  intereference  filters  are  necessary  to  evaluate  the 
water  temperature  distribution. 
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Fig.  5:  Water  temperatures  calculated  from  Raman  spectra 
(using  a  spectrograph) 

Using  two  interference  filters  with  a  central 
wavelength  at  the  wavelength  of  the  hydrogen-bonded  and 
the  non  hydrogen  bond  Raman  wavelength  makes  it 

In 

possible  to  get  the  intensity  ratio  —  from  two  separate 

Im 

measurements  with  that  filters.  Using  the  blue  line  of  an 
argon  ion  laser  at  488  nm  requires  two  bandpass  filters 
near  577  nm  and  589  nm.  We  used  two  interference  filters 
with  a  central  wavelength  of  578  an  590  nm  and  a  full 
width  at  half  maximum  (FWHM)  of  ±  10  nm.  Fig.  6  shows 
the  liquid  water  spectra  transmitted  by  those  filters: 

unfiltered 


wavelength  in  nm 


which  will  meet  the  pixels  of  CCD  chip  corresponding  to 
certain  location  of  the  water  flow  with  two  dimensional 
measurements. 
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Fig.  7:  Influence  of  the  water  temperature  on  the  spectra 
transmitted  by  the  bandpass  filters 


This  integration  of  the  spectra  leads  to  a  characteristic 
line  which  can  be  used  to  calculate  water  temperatures 
from  two  dimensional  intensity  data  according  to  Eq.  (4). 
The  same  characteristic  can  be  achieved  without 
experiments  only  using  the  transmission  curves  of  the 
filters  and  the  knowledge  of  the  shape  of  the  water  peak 
with  respect  to  the  temperature.  The  accuracy  is  much 
lower  as  the  accuracy  achievable  with  a  spectrograph: 


measured  temperature  in  °C 


Fig.  6:  Spectrum  of  liquid  water  transmitted  by  narrow 
band  interefemce  filters 

Fig.  7  shows  the  spectra  of  water  at  different 
temperatures  obtained  with  both  filters.  It  is  obvious  that 
the  ratio  of  the  intensities  transmitted  through  the  filters 
depends  on  the  water  temperature.  Integration  of  the 
spectra  gives  the  total  intensity  transmitted  through  the 
filters.  The  spectra  shown  in  Fig.  7  represent  the  light 


Fig.  8:  Water  temperatures  calculated  from  Raman  signals 
('two  color  method’,  without  spectrograph) 

This  'two-color-method'  has  to  deal  with  two  major 
problems.  The  first  is  shown  in  Fig.  6  and  Fig.  9.  Narrow 
band  interference  bandpass  filters  are  usually  Fabiy-Perot- 
filters,  which  operate  with  the  same  principle  as  the  Fabry- 
Perot  interferometer.  A  Fabry-Perot  filter  consists  of 
coated  surfaces  with  a  well  defined  distance  which 
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corresponds  to  a  certain  wavelength.  The  transmission  of 
light  with  a  certain  wavelength  depends  on  this  distance. 
The  central  wavelength  of  the  filter  is  given  for  normal 
incidence.  The  real  central  wavelength  depends  on  the 
angle  of  incidence  according  to  the  equation 


L0,a 


=  X 


0,a=0° 


1  -const.  ■  sin 


’(a)] 


(5) 


The  central  wavelength  is  shifted  to  lower  wavelengths 
and  alters  the  transmitted  spectrum  as  shown  in  Fig.  9  for 
an  angle  of  incidence  of  10°.  It  is  obvious  that  this  effect 
will  cause  severe  errors  and  it  is  only  valid  to  calculate 


water  temperature  values  from  the  intensity  ratio  -2-  if 

Im 

the  angle  of  incidence  is  very  small.  But  especially  for 
laboratory  scale  applications,  if  the  distance  between  laser 
beam  and  detector  is  small  this  angle  of  incidence  might  be 
very  large.  Optics  with  small  focal  lengths  cause  the  angle 
of  incidence  to  be  10  degree  or  more  as  shown  in  Fig.  9. 

The  second  problem  of  the  two  filter  method  is  caused 
by  fluorescence.  High  fluorescence  rates  increase  the 
intensities  of  the  578  nm  and  590  nm  peaks  and  distort  the 


intensity  ratio  ,  therefore. 

Im 

With  pure  water  most  of  the  fluorescence  signal 
originates  from  the  water  surface.  Reflection  and  scattering 
of  laser  light  on  solid  surfaces  water  causes  additional 
fluorescence  which  enhances  the  total  fluorescence  rate. 
For  any  technical  applications  the  third  effect  will  be  the 
most  important.  Any  solvents  or  particles  cause  additional 
fluorescence  which  might  be  even  more  intense  then  the 
Rayleigh  signal.  Dirtiness  of  the  laser  windows  and 
mirrors  will  enhance  fluorescence,  too. 

The  best  way  to  eliminate  the  error  caused  by  fluorescence 


Fig.  9:  Influence  of  the  optical  set-up  to  the  measured 
temperature 


is  to  measure  it  using  a  spectrograph.  For  two  dimensional 
measurements  there  are  two  methods  to  get  the 
fluorescence  level.  The  first  possibility  is  to  use  a  third 
bandpass  filter  at  a  suitable  wavelength.  If  the  shape  of  the 
fluorescence  spectrum  is  given  for  a  certain  optical  setup, 
the  intensity  measured  at  a  single  wavelength  will  be 
enough  to  estimate  the  fluorescence  rate  which  distorts  the 
Raman  signals  obtained  with  the  578  and  590  nm  filters. 
But  of  course  this  method  increases  the  number  of  images 
which  are  necessary  to  get  the  temperature.  If  the 
fluorescence  signal  does  not  vary,  for  example  if  the 
particles  content  or  the  dirtiness  of  the  water  flow  keeps 
constant,  it  is  not  necessary  to  get  the  fluorescence 
intensity  for  each  temperature  measurement. 

A  second  way  which  is  often  used  to  reduce  errors 
caused  by  fluorescence  can  not  be  used  for  the  presented 
measurements.  Especially  for  Raman  spectroscopy  in 
gases,  where  high  fluorescence  or  Mie  signals  superimpose 
the  Raman  signal,  it  might  be  useful  to  rotate  the 
polarisation  of  the  laser  beam  using  half  wave  plates.  Mie 
scattering  and  fluorescence  depend  on  the  polarisation  of 
the  laser  light  only  weakly.  The  difference  obtained  with 
two  images  taken  with  vertical  and  horizontal  polarisation 
can  be  used  to  eliminate  the  fluorescence  signal,  therefore. 

But  we  observed  different  depolarisation  rates  for  the 
hydrogen  bonded  and  non  hydrogen  bonded  Raman 
signals.  Rotation  of  the  polarisation  plane  affected  the 
intensity  of  both  Raman  peaks  differently.  Elimination  of 
fluorescence  by  rotation  of  the  laser  beam  polarisation  will 

change  the  intensity  ratio  and  will  cause  additional 

Im 

errors,  therefore. 

The  third  method  to  eliminate  fluorescence  uses  the 
different  time  scales  of  Raman  and  fluorescence 
processes.  The  Raman  signal  arises  spontaneous  without 
retardation.  The  fluorescence  process  will  last  some 
nanoseconds.  Short  laser  pulses  and  a  intensified  CCD 
camera  can  be  triggered  with  very  short  time  gates  to 
enhance  the  ratio  between  Raman  and  fluorescence  signal. 


EXPERIMENTAL  APPLICATIONS 

In  earlier  experiments  we  used  Raman  spectroscopy  to 
measure  concentration  profiles  in  condensation  boundary 
layers  during  condensation  in  the  presence  of  non 
condensable  gases.  We  investigated  the  condensation  of 
nitrogen  steam  mixtures  at  system  pressure  levels  from  0,2 
to  2,0  MPa  at  a  thin  water  layer.  The  experiments  were 
aimed  at  measuring  local  heat  transfer  coefficients  by 
measuring  local  concentration  profiles.  We  designed  the 
pressure  vessel  shown  in  Fig.  10  to  simulate  the  boundary 
conditions  of  one  dimensional  film  theory. 

The  laser  beam  was  focused  vertically  onto  the  water 
layer  and  an  objective  focused  the  image  of  the  laser  beam 
to  the  entrance  slit  of  a  125mm  -  spectrograph.  This 
spectrograph  separated  shifted  Raman  signals  from 
unshifted  Rayleigh  and  Mie  signals.  A  CCD  chip  of  an 
intensified  CCD  Camera  detected  the  weak  Raman  signals 
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Fig.  10:  Raman  image  of  a  condensation  boundary  layer  and  calculated  concentration  profiles 


and  the  image  processing  system  provided  images  of  the 
mass  transfer  boundary  layer  as  shown  in  Fig.  10. 

Fig.  10  shows  two  images  of  the  same  laser  beam, 
shifted  to  different  wavelengths  by  the  spectrograph.  The 
line  located  at  a  wavelength  of  550,6  nm  is  caused  by  light 


exit  of  heated  tubes 


measured  temperature  distribution 


Fig.  13:  Image  of  the  tube  plate  of  the  heat  exchanger 

model  (without  laser  sheet)  and  temperature  image 
Fig.  1 1 :  Experimental  set-up  to  measure  temperature 

profiles  in  stratified  flows 


scattered  at  nitrogen  molecules  and  the  line  located  at  594 
nm  is  caused  by  light  scattered  at  water  vapor  molecules. 

Each  pixel  row  corresponds  to  a  certain  position  at  the 
laser  beam  and  yields  an  intensity  profile  or  a  Raman 
spectrum,  therefore,  to  calculate  local  concentrations  from 
measured  intensities. 

The  steam  water  interface  caused  an  intense 
fluorescence  signal  and  a  very  strong  Raman  signal  of  the 
liquid  phase  which  provided  the  temperature  of  the  water 
layer. 

The  concentration  profiles  calculated  from  those 
images  are  in  good  agreement  to  film  theory  and  the 
presented  method  has  proofed  to  be  suitable  to  measure 
heat  and  mass  transfer  rates. 

With  another  experiment  we  tried  to  get  not  only  a  single 
temperature  value  but  a  complete  temperature  profile  in  a 
water  layer. 

We  focused  the  laser  beam  of  a  Coherent  SabreFred 
argon  ion  laser  with  an  single  line  output  power  of  about 
10  Wcw  onto  a  water  layer  flowing  in  a  rectangular  duct 
inside  of  an  autoclave.  The  same  software  which  processed 
the  image  shown  in  Fig.  10  calculated  temperature  profile 
as  shown  in  Fig.  11  from  the  images  provided  by  the  image 
processing  system. 

The  experiment  shown  in  Fig.  12  was  designed  to  get 
two  dimensional  water  temperature  measurements.  We 
performed  the  experiments  with  a  small  model  of  a  tube 
bundle  heat  exchanger  and  without  spectrograph.  The 
CCD  camera  sampled  the  scattered  light  of  a  light  sheet 
which  was  focused  along  the  tube  plate. 

Single  tubes  were  heated  and  caused  different 
temperatures  at  those  positions  where  the  exit  water  passed 
the  light  sheet.  An  image  of  the  tube  plate  without  laser 
light  sheet  is  shown  in  Fig.  13. 

The  exit  temperatures  were  measured  together  with  the 
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Fig.  14:  Temperature  images  of  the  water  flow  in  front  of  the  tube  plate  of  the  heat  exchanger  model  with  different 

temperature  differences  and  measuring  times 


camera  readings  by  thermocouples.  The  exit  temperature 
differences  of  the  tubes  in  the  middle  of  the  tube  plate 
varied  between  1  and  30  K. 

We  sampled  the  scattered  light  with  each  filter  for  a 
certain  time  and  used  the  characteristic  to  compute  a 
temperature  image  from  the  images  taken  with  different 
filters.  We  had  to  measure  for  a  certain  time  to  reduce  the 
statistical  errors  caused  by  particles  or  variation  of  the 
laser  power. 

It  is  obvious,  that  the  absolute  accuracy  of  this  method 
is  not  acceptable.  Above  all  the  error  caused  by  the  angle 
of  incidence  has  proved  to  be  very  high.  This  effect  made 
the  temperature  seem  to  rise  from  the  middle  of  the  image 
to  the  edges.  But  it  is  significant  that  temperature 
differences  can  be  recognized  very  precisely.  This  can  be 
skillful  to  locate  or  evaluate  local  temperature  differences. 
Fig.  14  shows  the  influence  of  measuring  time  and  the 
variance  of  the  images  with  respect  to  the  temperature 
difference.  It  is  possible  to  measure  absolute  temperatures 
only  for  normal  incidence  with  an  accuracy  of  about  ±  5  K 
but  it  is  possible  to  detect  local  temperature  differences  of 
1  K  even  with  measuring  times  less  then  2  minutes. 

CONCLUSION 

Measuring  water  temperatures  by  means  of  Raman 
spectroscopy  requires  an  expensive  experimental  setup.  If 
flame  temperatures  shall  be  measured  Raman  spectroscopy 
is  a  good  choice,  because  there  are  only  few  other 
possibilities  to  measure  temperatures  of  about  2000  K  with 
sufficient  accuracy. 

Water  temperatures  can  be  measured  very  simple  and 
with  few  costs  by  means  of  thermocouples. 

For  that  reason  water  temperature  measurements  by 
means  of  Raman  spectroscopy  will  by  useful  only  for 
special  applications,  if  very  detailed  local  information  is 
needed  -  in  example  for  heat  transfer  applications  -  or  if  a 


thermocouple  will  disturb  the  measurement,  in  example 
with  micro  scale  heat  transfer  applications. 

If  only  low  accuracy  is  required  two  dimensional 
measurements  may  by  quite  useful  to  supervise  any 
chemical  or  thermal  processes  with  a  'two  color  method' 
set-up.  Because  the  intensity  of  the  Raman  signal  is  very 
high  it  is  not  necessary  to  use  high  sensible  CCD-cameras 
or  high  laser  power. 

Another  possible  application  of  the  water  temperature 
effect  might  be  to  do  remote  temperature  sensing  with  a 
LIDAR  set-up  for  example  to  get  ocean  water 
temperatures. 

Linear  Raman  spectroscopy  has  proofed  to  be  an 
optical  measurement  method  which  provides  the 
possibility  to  measure  temperatures  of  liquid  water  with 
highest  local  resolution  even  in  two  dimensions  without 
affecting  the  fluid  flow,  therefore.  The  local  resolution  is 
only  limited  by  the  optical  setup  and  the  resolution  of  the 
CCD-chip. 
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ABSTRACT 

A  novel  fluorescence-based  system  has  been 
developed  for  the  non-intrusive  measurement  of  liquid 
phase  temperature  in  two-phase  flashing  propane 
releases. 

It  is  believed  that  the  application  of  this 
technique  can  generate  non-intrusive  temperature 
measurements  with  an  accuracy  of  better  than  ±1°C, 
over  the  temperature  range  of  -70°C  to  20°C,  and  will 
allow  comparison  with  conventionally  obtained 
temperature  data. 

The  technique,  in  its  current  format,  should  be 
applicable  to  a  range  of  non-polar  alkanes,  especially 
pressure-liquefied  gases,  subject  to  calibration. 

1.  INTRODUCTION 

There  is  a  strong  interest  in  two-phase  flow  in 
many  areas  of  science  and  engineering.  In  the  safety 
field,  the  interest  lies  in  the  accidental  releases  of 
pressure-liquefied  gases,  primarily  propane/LPG 
(flammable)  and  toxic  materials,  such  as  chlorine.  Of 
specific  interest,  in  this  area,  are  the  mathematical 
models  and  predictive  computer  codes  which  may  be 
applied  to  such  releases.  At  present  only  the  latter 
regions  of  a  jet,  where  atmospheric  dispersion  is 
dominant,  are  adequately  modelled.  It  is  hoped  that 
these  codes  may  be  ultimately  employed  to  mitigate  the 
consequences  of  accidental  releases  through  a  better 
understanding  of  the  processes,  resulting  in  improved 
transport  and  storage  design,  storage  site  placements, 
and  other  safety  features. 

For  accurate  prediction  of  the  likely 
consequences  of  any  two-phase  release,  it  is  desirable 
that  all  regions  may  be  modelled  from  known  initial 
storage  conditions,  i.e.  the  source  terms.  In  the 
momentum  driven  regions  of  the  propane  jet,  where  the 
system  is  furthest  from  its  equilibrium  state  and 
measurement  is  most  difficult,  little  or  no  experimental 


work  has  been  published.  There  is,  therefore,  a  need  for 
accurate  and  reliable  data  from  these  regions  in  order  to 
generate  and/or  refine  useful  predictive  computer  codes. 

Due  to  the  non-equilibrium  nature  of  the  near¬ 
field  regions  however,  accurate  data  measurement  is  not 
possible  with  intrusive  techniques,  for  instance 
thermocouples.  Non-intrusive  methods,  therefore,  such 
as  laser-based  techniques  present  the  only  possibility  for 
obtaining  accurate  data  measurements  in  this 
environment. 

The  work  described  in  this  paper  forms  part  of 
a  project,  co-sponsored  by  the  CEC  and  the  Major 
Hazards  Assessment  Unit  of  the  Health  and  Safety 
Executive,  to  provide  quality  data  from  the  near-field 
regions  of  two-phase  flashing  propane  releases.  Its  aim 
is  to  investigate  flashing  two-phase  propane  jets  by  the 
use  of  conventional  and  laser-based  measurement 
techniques,  and  to  develop  and  refine  predictive  codes 
from  the  data  for  use  in  risk  assessment. 

2.  EXPERIMENTAL  PROJECT 

Part  of  the  Health  and  Safety  Laboratory's 
work  has  been  concerned  with  obtaining  laser-based  and 
conventional  measurements  in  a  two-phase  flashing  jet, 
utilising  a  small-scale  purpose  built  facility.  Techniques 
employed  have  included  Laser  Doppler  Anemometry 
(LDA),  Diffraction-based  particle  sizing,  conventional 
temperature  measurements,  and  fluorescence-based 
temperature  determination.  Data  from  the  full  range  of 
experiments  has  been  published  in  the  open  literature,  or 
will  be  in  the  near  future  [1,  2,  3, 4], 

Earlier  work  in  this  project  involved  the 
determination  of  the  jet  temperature  profile  by 
conventional  means  [5],  i.e.  thermocouples,  although  the 
non-equilibrium  nature  of  the  near-field  regions  of  such 
a  jet  calls  into  question  the  accuracy  of  the  data.  It  was, 
therefore,  decided  to  attempt  to  measure  the  liquid 
phase  temperature  by  the  use  of  a  non-intrusive 
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technique.  This  should  generate  more  accurate 
temperature  profiles  and  allow  direct  comparison  of  the 
two  techniques.  Furthermore,  the  accuracy  of  other 
conventional  temperature  measurements  made  in  two- 
phase  releases  could  then  be  re-assessed. 

This  paper  details  the  development  of  that 
technique,  and  is  believed  to  be  the  first  measurement  of 
liquid  propane  temperature  by  this  means  [6]. 

3.  FLUORESCENCE  TECHNIQUE 

The  technique  employed  in  this  work  was 
initially  used  by  Melton  to  obtain  liquid  phase 
temperature  in  two-phase  diesel  sprays  [7,  8,  9]  and  then 
extended  to  lower  boiling-point  materials  by  Ewan  [10, 
11]- 

Briefly,  the  technique  is  based  on  the  fact  that 
the  temperature  of  a  compound  effects  the  population  of 
its  various  energy  levels.  The  variation  of  the  energy 
level  population  in  some  fluorescing  materials,  termed 
fluorophores,  affects  the  intensity  and  position  of  peaks 
in  its  emission  spectrum.  If  this  phenomenon  can  be 
reliably  calibrated  then  the  intensity  at  a  given 
wavelength  can  be  used  to  determine  its  temperature. 

4.  FLUOROPHORE  IDENTIFICATION 

One  of  the  major  problems  associated  with 
this  technique,  in  relation  to  propane,  is  the  fact  that 
propane  does  not  itself  exhibit  fluorescent  properties. 
However,  if  it  can  be  assumed  that,  when  dissolved  in  a 
host  material,  a  temperature-dependent  fluorescent 
material  achieves  the  same  temperature  as  its  host  then 
its  fluorescent  signal  can  be  used  to  measure  the 
temperature  of  the  host. 

A  material  had,  therefore,  to  be  found  that 
exhibited  temperature  dependent  fluorescence,  was 
soluble  in  liquid  propane,  and  would  mimic  the 
behaviour  of  its  host,  especially  its  temperature 
characteristics.  A  suitable  fluorophore  had  to  meet  all 
these  criteria  over  the  range  of  temperatures  expected 
from  the  conventional  study. 

A  literature  survey  revealed  little  information 
with  regards  to  solubility  and  fluorescent  properties  of 
materials  in  propane.  Some  information  was  available 
on  materials  in  other  alkane  solvents,  but  very  few 
exhibited  the  temperature  dependence  required.  One 
series  of  papers,  however,  presented  a  chemically 
related  group  of  compounds  containing  a  compound 
which  was  shown  to  have  the  type  of  temperature 
dependence  required  and  was  soluble  in  alkanes  [12,  13, 
14].  The  particular  compound  was: 


1  -(N-p-anisyl-N-methyl)-amino-3  -anthryl-(9)-propane 
(referred  to  in  this  document  as  NpaNmaap  for  brevity) 


The  spectrum  of  NpaNmaap  had  been  shown 
to  exhibit  a  temperature-independent  wavelength,  and 
two  relatively  high  intensity  temperature  peaks  [12].  The 
two  high  intensity  peaks  showed,  respectively,  direct 
and  inverse  proportionality  to  temperature,  giving  the 
possibility  of  high  accuracy  temperature  determination. 
It  had  also  been  shown  to  be  soluble  in  hexane,  making 
it  highly  likely  to  be  soluble  in  other  lower  order  non¬ 
polar  alkanes  such  as  propane  and  liquefied  petroleum 
gas  (LPG). 

Synthesis  of  the  material  was  undertaken  by 
the  Chemistry  Department  at  the  University  of  Sheffield. 
The  synthesis  was  initially  based  on  the  route  reported 
by  Pragst  et  al  [13],  but  a  more  efficient  synthesis  route 
was  developed  [15],  and  small  quantities  were 
synthesised  and  supplied. 

A  more  detailed  description  of  the  technique, 
and  the  properties  of  the  chosen  fluorophore,  can  be 
found  elsewhere  [16]. 

5.  PRELIMINARY  WORK 

5.1  Preliminary  Work  Experimental  Layout 

The  system  utilised  for  the  preliminary  work, 
which  is  shown  schematically  in  Figure  1,  basically 
comprised  a  double  monochromator  and  focusing  lens 
system,  a  photomultiplier  tube  (PMT),  an  excimer  laser, 
a  calibration  cell,  and  a  data  acquisition  system.  These 
components  and  their  function  are  described  in  detail 
below. 

5.2  Experimental  Equipment 

Monochromator  and  Associated  Components:  Two 
single  monochromators,  both  operating  at  the  same 
wavelength  and  containing  identical  1200  lines/mm 
holographic  gratings  with  a  blaze  wavelength  of  500nm, 
were  combined  to  produce  a  double  monochromator. 
The  advantage  of  such  a  system  is  that  it  produces  a 
greater  spectral  accuracy.  Light,  from  the  calibration 
chamber,  was  focussed  onto  the  entry  slit  of  the  double 
monochromator  system  by  the  use  of  a  suitable  lens, 
mounted  on  a  traverse  system  for  ease  of  use. 
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Figure  1  -  Schematic  Of  Initial  Experimental  Layout 


A  suitable  PMT,  for  the  wavelength  range 
under  consideration,  was  attached  to  the  exit  port  of  the 
double  monochromator.  This  in  turn  was  connected  to 
the  data  acquisition  system,  via  an  amplifier  system.  The 
PMT  was  powered  from  a  single  dual-output  stabilised 
voltage  PMT  power  supply,  at  between  -999  and  - 
1000V. 

A  purpose-built  pulse  encoder  was  attached  to 
the  wavelength  indicator  mechanism  of  the 
monochromator  system,  and  was  set  up  such  that  the 
laser  was  triggered  to  fire  a  single  pulse  at  fixed 
wavelength  intervals  (<lnm)  as  the  monochromator  was 
manually  traversed  across  the  wavelength  range  of 
interest. 


Excimer  Laser:  The  laser  employed  for  this  work 
was  a  Xenon  chloride  excimer  laser,  manufactured  by 
the  Estonian  Academy  of  Science,  generating  pulsed 
emission  at  308nm.  The  laser  could  be  manually  or 
externally  triggered  to  give  variable  pulse  rates,  or  could 
be  internally  triggered  at  fixed  rates  of  10,  25  or  40Hz. 
In  this  case  the  laser  was  triggered  by  the  pulse  encoder 
attached  to  the  monochromator  system,  as  detailed 
above. 


The  laser  unit  produces  an  electronic  output 
pulse  at  the  start  of  each  laser  pulse.  This  was  utilised  to 
synchronise  the  data  acquisition  system  with  the  laser. 
As  the  output  pulses  from  the  laser  were  very  short  and 
electrically  noisy,  they  were  first  used  to  trigger  a  longer 
and  more  stable  TTL  pulse  from  a  signal  generator,  and 
this  'clean'  pulse  was  used  to  trigger  the  data  acquisition. 

A  pulse  counter  was  additionally  paralleled 
into  the  laser  output  pulse  system  in  order  to  indicate  the 
number  of  laser  shots  fired.  The  Excimer  laser  and 
calibration  chamber  can  be  seen  in  Figure  2. 


Figure  2  -  Excimer  Laser  and  Calibration  Chamber 


Calibration  Chamber:  The  calibration  chamber  is  shown 
schematically  in  Figure  3,  and  can  be  seen  in  the 
preliminary  experimental  layout  in  Figure  2.  It  is  of 
stainless  steel  construction,  with  a  UV  quality  input 
window  and  two  UV  quality  output  windows.  The 
output  windows  are  situated  opposite  each  other  and  are 
above,  and  at  90°,  to  the  axis  line  of  the  input  window. 
Thus  the  fluorescence  signal  was  collected  at  right 
angles  to  the  line  of  excitation  by  the  monochromator 
system.  The  chamber  was  fitted  with  a  k-type 
thermocouple,  situated  close  to  the  bottom  face  "when 
the  chamber  was  positioned  in  the  experimental  layout, 
to  allow  the  liquid  propane  temperature  to  be 
determined.  The  temperature  was  read  shortly  before 
and  immediately  after  any  fluorescence  measurement. 

Extensive  tests  were  undertaken  prior  to  this 
work  to  ensure  the  suitability  of  this  chamber  both  to 
contain  propane  under  the  range  of  temperatures  and 
pressures  required,  and  for  its  optical  inactivity  in  terms 
of  unwanted  fluorescence  generation. 
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Figure  3  -  Schematic  Of  Calibration  Chamber 

For  the  range  of  experiments  detailed  in  this 
report,  the  chamber  contained  liquid  propane  doped 
with  a  known  concentration,  3.0  x  10‘4M,  of 
NpaNmaap.  To  obtain  the  temperature  ranges  required 
the  chamber  was  cooled  to  around  -45  °C  in  a  freezer 
unit  and  allowed  to  warm  up  by  natural  convection  from 
the  laboratory  air. 


Data  Acquisition  System:  The  output  from  the  PMT, 
following  each  laser  pulse,  was  recorded  by  a  Biodata 
Microlink  data  capture  unit,  running  under  Windmill's 
Streamer  software  on  a  standard  personal  computer. 
Subsequent  data  analysis  and  manipulation  was 
undertaken  using  Jandel  Scientific's  Sigmaplot  software. 


5.3  Preliminary  Work 

After  simple  tests  with  the  calibration 
chamber  to  confirm  the  solubility  and  fluorescence  of 
the  fluorophore  in  propane,  the  fluorescence  emission 
spectrum  and  preliminary  temperature  dependence  was 
determined,  using  the  system  detailed  in  Section  5.1. 

A  spectrum  of  NpaNmaap,  obtained  from 
averaging  of  four  independently  obtained  spectra,  is 
shown  in  Figure  4.  These  spectra  were  obtained  at  a 
liquid  propane  temperature  of -20°C.  The  two  emission 
peaks  expected  from  the  literature  can  be  clearly  seen, 
as  can  the  UV  excitation  peak  at  308nm.  The  second 
harmonic  of  the  excitation  peak  is  also  evident  at 
616nm. 
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Figure  4  -  Spectrum  of  NpaNmaap  at  -20°C 

The  temperature  dependence  was  studied  by 
taking  full  spectra,  in  the  manner  described  above,  at  a 
range  of  temperatures  from  -40°C  to  10°C..  A 
temperature  dependence  was  observed,  but  was  not  as 
clear  as  reported  previously  [12].  The  system  was 
improved  by  the  addition  of  a  nitrogen  jet,  applied  to  the 
measurement  (front  exit)  window,  to  ensure  that  ice 
formation  did  not  occur.  This  resulted  in  improved 
quality  spectra  at  lower  temperatures. 

The  two  main  peaks  were  observed,  but  did 
not  seem  to  be  indirectly  proportional  to  one  another 
with  respect  to  the  temperature.  The  overall  level  of 
fluorescence  measured  across  the  spectrum  was  also 
seen  to  change  with  temperature. 

The  data  acquisition  system  was  modified  by 
adding  a  signal  amplifier  and  improving  the  wiring 
arrangement  to  give  better  signal  quality. 
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Figure  5 

Temperature  Dependence  Plot  of  NpaNmaap 
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With  this  revised  system,  subject  to  normalisation  of  the 
spectra  against  the  temperature-independent  wavelength 
intensity  value,  the  expected  behaviour  was  observed,  as 
shown  in  Figure  5. 

This  plot  demonstrates  a  definite  temperature 
dependence  in  the  fluorescence  spectrum.  It  also 
suggests  that  accurate  measurement  of  the  temperature 
effect  could  be  achieved  by  determination  of  the 
fluorescence  intensity  ratio  of  two  wavelengths,  one 
representative  of  each  of  the  two  peaks  present  in  the 
spectrum.  Study  of  the  spectra  resulted  in  the  choice  of 
410nm  and  510nm  as  the  representative  wavelengths  for 
the  two  peaks. 


6.  CALIBRATION  DETERMINATION 
6.1  Full  Calibration  Experimental  Layout 

In  order  to  undertake  the  full  calibration 
measurements,  the  double  monochromator  was  dis¬ 
assembled  into  its  two  component  single 
monochromators,  each  one  fitted  with  an  identical 
model  PMT  at  its  exit  port..  This  allowed  the 
simultaneous  measurement  of  intensity  of  the  two 
chosen  wavelengths,  41  Onm 

and  51  Onm.  The  emitted  fluorescence  signal  was  split 
between  the  two  monochromators,  after  focusing  by  the 
lens  system,  by  the  use  of  a  50:50  beam  splitter,  as 
shown  schematically  in  Figure  6. 


monochromator 


A  45  degrees 


ATI 


90  dscjrsss  monochromator 

PMT 


3 


beam  splitter 


Figure  6  -  Schematic  of  Dual  Single  Monochromator 
System  and  Beam  Splitter 


Care  was  taken  to  ensure  that  the  fluorescence 
beam  path  lengths  were  equal  for  both  monochromators, 
and  that  each  split  beam  was  therefore  identically 
focussed  onto  the  input  slit  of  its  respective 
monochromator. 

For  the  full  calibration  experiments,  where  the 
monochromators  were  set  at  fixed  wavelength  values, 
the  pulse  encoder  was  removed  from  the  system  and  the 
laser  was  triggered  by  its  internal  system  at  a  pulse  rate 
of  10Hz,  with  a  final  few  pulses  being  triggered 
manually  by  the  operator  so  as  to  obtain  a  constant 
number  of  pulses. 


All  experiments  were  undertaken  in  a  totally 
dark  environment,  with  the  lens  and  monochromator 
system  being  enclosed  to  further  reduce  any  effect  of 
stray  light.  The  experimental  layout  of  the 
monochromator  system  can  be  seen,  without  enclosure, 
for  the  full  calibration  experiments  in  Figure  7.  All  other 
pieces  of  equipment  used  for  the  full  calibration  are  the 
same  as  that  used  for  the  preliminary  work  and  detailed 
in  Section  5.2 


Figure  7  -  Dual  Single  Monochromator  System  and 
Calibration  Chamber 


6.2  Initial  Full  Calibration 

A  full  calibration  was  then  undertaken  using 
the  system  outlined  in  Section  6.1.  The  number  of  laser 
pulses  fired,  and  hence  fluorescence  intensity 
measurements  taken,  at  each  temperature  was  200  in 
order  to  provide  a  statistically  viable  average  for  use  in 
the  ratio  calculation. 

Calculation  Of  Fluorescence  Intensity  Ratio:  As  detailed 
previously,  NpaNmaap  possessed  two  fluorescence 
intensity  emission  peaks,  one  with  direct  and  one  with 
inverse  proportionality  to  temperature,  from  the 
preliminary  work,  two  wavelength  values  were  chosen 
as  representative  of  these  two  peaks;  4 1  Onm  and  5 1  Onm. 
For  the  full  calibration  experiments,  one  monochromator 
was  set  to  measure  the  intensity  of  the  51  Onm 
fluorescence  emission,  and  the  other  41  Onm  emission. 

The  calibration  plot  was  determined  from  the 
relationship  between  the  ratio  of  these  two  wavelengths 
and  temperature.  This  method  of  calibration  has  the 
advantages  of  removing  the  effects  of  any  laser  power 
variation  from  the  equation,  and  increasing  the  accuracy 
of  the  temperature  calibration  process,  as  suggested 
elsewhere  [16]. 
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The  value  of  the  fluorescence  intensity  ratio 
for  the  two  wavelengths  at  any  given  temperature  was 
calculated  using  the  following  equation: 

Ratio  =  PMT1  (410nm)  /  PMT2  (510nm) 

6.3  Relative  PMT  Output  Problems 

It  was  noted  in  system  trial  runs  that,  with  the 
monochromators  set  to  the  same  wavelength,  a 
significant  change  of  ratio  was  obtained  with  small 
changes  to  the  set  up,  particularly  those  resulting  in  a 
change  in  access  for  ambient  light  and  fluorescence 
emission. 

Further  investigation  showed  that  the  two 
PMTs  were  exhibiting  different  responses  (i.e.  voltage 
outputs)  in  relation  to  each  other  with  respect  to  vatying 
input  light  intensities.  As  this  effect  would  render  the 
system  inoperable,  it  was  necessary  to  try  and  remove  it. 

6.4  PMT  Intensity  Sensitivity  Tests 

A  series  of  tests  were  undertaken,  using 
neutral  density  (ND)  filters  to  simulate  varying  light 
intensity  inputs,  to  try  and  find  a  solution  to  the 
problem. 


Figure  8  -  Comparison  Of  Corrected  and 
Uncorrected  Ratio  Data 


It  was  found  that  a  correction  factor,  in  the 
form  of  a  quadratic  equation,  could  be  applied  to  one  of 
the  PMT  voltage  readings  in  order  to  give  intensity 
independent  ratio  values  at  the  two  chosen  wavelengths. 
The  effect  on  the  calculated  ratio  of  applying  the 
correction  factor  is  shown  in  Figure  8,  where  it  has 
applied  to  the  data  from  an  initial  calibration  run. 

As  can  be  seen,  the  inclusion  of  the  correction 
to  the  PMT  output  makes  a  most  significant  difference 
to  the  results  obtained.  The  fact  that  the  corrected  results 
show  a  reasonably  good  fit  to  a  linear  relationship 
between  Ratio  and  Temperature  across  the  measured 
range  suggests  that  the  change  has  improved  the  quality 
of  the  data. 


6.5  Final  Calibration 

Having  determined  suitable  normalisation 
parameters  for  the  two  PMTs,  a  final  calibration  was 
undertaken.  This  was  undertaken  with  the  dual  single 
monochromator  system  as  detailed  previously.  After 
application  of  the  normalisation  parameters,  and  suitable 
data  manipulation,  a  relatively  good  plot  was  obtained. 
It  was  however  noticed  that,  at  about  -15°C  and  0°C, 
deviations  from  the  approximately  linear 
temperature/fluorescence  intensity  occurred,  as  can  be 
seen  in  Figure  9. 


Figure  9  -  Calibration  Data  Showing  Anomalous 
Deviation 

Consideration  of  the  problem  suggested  that 
this  may  be  due  to  the  formation  and  melting  of  ice 
occurring  on  the  back  window  of  the  chamber.  This 
process  could  result  in  an  unequal 
transmittance/reflectance  of  the  two  measured 
wavelengths,  giving  rise  to  further  variation  in 
wavelength  ratio,  in  addition  to  that  generated  by  the 
temperature  dependency  of  the  fluorescence  process.. 

To  test  this  hypothesis,  the  outer  surface  of 
the  back  exit  window  was  coated  with  a  white  non- 
fluorescing  material.  A  plate  was  then  attached  over  the 
window,  the  remaining  volume  being  taken  up  with 
hygroscopic  crystals  to  further  reduce  the  likelihood  of 
any  ice  formation.  The  calibration  process  was  then 
repeated.  In  this  final  calibration  determination, 
presented  in  Figure  11,  the  anomalous 
fluorescence/temperature  dependence  is  not  evident. 

6.6  Conclusions  From  Normalised  Calibration  Data 

After  application  of  the  PMT  normalisation 
parameters,  a  good  temperature/fluorescence  ratio 
relationship  was  obtained.  Although  not  linear  in  its 
form,  the  calibration  can  be  considered  linear  over  a 
wide  range  of  the  temperatures  studied.  It  should  be 
noted  however  that  the  calibration  will  have  to  be 
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extended  down  to  ~-80°C,  the  approximate  minimum 
temperature  determined  by  the  conventional  studies  [5], 
in  order  to  be  usefully  applied  to  a  free  jet  situation.  The 
pseudo-linear  relationship  is  unlikely  to  be  prevalent 
across  this  extended  range,  and  a  suitable  mathematical 


Figure  10  -  Final  Calibration  Data 

7.  OVERALL  CONCLUSIONS 

The  material  and  system  was  found  to  be 
suitable  for  use  in  two-phase  propane  releases,  and 
possibly  other  low  boiling  point  (non-polar)  alkanes  of 
interest,  e.g.  butane,  LPG  giving  a  potential  accuracy  of 
±1°C. 

The  system  should  provide  a  way  of  making 
non-intrusive  temperature  measurements  in  the  near¬ 
field  regions  of  two-phase  flashing  propane  releases. 
The  next  part  of  the  work  will  involve  the  application  of 
the  technique  to  determine  temperature  profiles  in  a  jet 
release,  utilising  the  purpose  built  small-scale  release 
facility. 

Prior  to  the  undertaking  of  any  free  jet 
measurements,  consideration  will  have  to  be  given  to  the 
consequences  and  safety  implications  of  the  release  of 
NpaNmaap  into  the  atmosphere  and  its  possible 
deposition  inside  the  small-scale  jet  release  facility. 

A  number  of  potential  experimental  problems, 
such  as  the  effects  of  droplet  number  density,  droplet 
boiling,  and  possible  fluorescence  scattering  and  re¬ 
absorption,  with  respect  to  the  fluorescence  signals  may 
also  need  to  be  addressed  before  the  technique  can  be 
practically  applied  to  a  laboratory  scale  free  jet. 

A  more  detailed  and  comprehensive  report  on 
the  work  presented  in  this  paper,  and  its  attendant 
theory,  can  be  found  elsewhere  [16]. 
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ABSTRACT 

A  laser-induced  fluorescence  (LEF)  measurement 
system  has  been  developed  to  study  compressible  gas 
flows.  Iodine  molecules  are  seeded  into  the  flow  and 
excited  by  an  argon  ion  laser  at  514.5  nm.  A  combined 
measurement  of  velocity,  temperature  and  pressure  is 
possible  for  velocities  down  to  30  m/s,  temperatures 
below  300  K  and  pressures  lower  than  15  kPa. 
Experimental  results  are  presented  for  supersonic  free 
jets.  The  results  agree  well  with  theory  and  the  absence 
of  any  velocity  slip  proves  that  this  method  is  well 
suited  for  the  study  of  high  speed  flows  with  strong 
gradients. 

1.  INTRODUCTION 

The  accurate  measurement  of  flow  properties  in 
gasdynamic  flowfields  is  a  challenging  task.  Intrusive 
measurement  techniques  like  Pitot  tubes,  for  example, 
have  a  limited  spatial  resolution  and  can  disturb  inner 
supersonic  flows  considerably  through  the  formation  of 
shock  waves. 

The  schlieren  method  is  a  typical  example  of  an 
established  non-intrusive  technique.  It  yields  a  fast  and 
global  survey  of  the  flowfield,  providing,  however, 
only  little  quantitative  information. 

The  most  common  laser-based  measurement 
technique  is  laser  Doppler  velocimetry.  This  method  is 
suited  to  measure  velocity  and  turbulence  components, 
but  measurements  can  be  incorrect  in  areas  with  strong 
velocity  gradients  such  as  shock  waves  or  shear  layers 
due  to  the  inertia  of  seeding  particles. 

Laser-induced  fluorescence  (LEF)  is  a  measurement 
technique  which  has  the  potential  to  overcome  the 
mentioned  problems  because  of  molecular-size  tracers. 
Additionally,  since  the  fluorescence  signal  is  related 
to  the  thermodynamic  state  (Demtroder  (1996)),  a 


simultaneous  measurement  of  velocity,  temperature  and 
pressure  is  possible.  Iodine  LIF  was  first  used  for  flow 
measurements  15  years  ago  at  Stanford  University  by 
McDaniel  et  a.  (1983).  The  technique  was  perfectioned 
at  the  University  of  Virginia,  where  Donohue  and 
McDaniel  (1996)  performed  accurate  planar 
measurements  of  velocity,  temperature  and  pressure  in 
complex  flowfields. 

A  similar,  single-point  iodine  LIF  measurement 
system  has  been  developed  for  the  study  of  supersonic 
mixing  flows  and  is  presented  in  this  paper. 

2.  LASER-INDUCED  FLUORESCENCE  (LEF) 
MEASUREMENT  TECHNIQUE 

If  electronic  transitions  of  atoms  or  molecules  are 
excited  and  if  the  lifetime  is  of  the  order  of 
microseconds  or  less,  spontaneous  emission  of  light, 
called  fluorescence,  can  occur.  In  LIF  measurements,  a 
tunable  narrowband  laser  is  normally  used  to  scan  the 
excitation  spectrum,  whereas  the  broadband 
spontaneous  emission  signal  is  recorded. 

The  iodine  molecule  is  a  good  choice  for  a  seed 
molecule  for  gas  flow  measurements  at  low  pressures, 
because  it  has  a  dense  absorption  spectrum  with  a 
strong  emission  signal  in  the  visible.  It  can  easily  be 
seeded  into  gas  flows  by  means  of  crystal  sublimation 
because  of  its  high  vapour  pressure  (40  Pa  at  room 
temperature).  Two  blended,  strong  absorption  lines  can 
be  excited  with  the  514.5  nm  line  of  a  tunable,  single 
mode  argon  ion  laser  (Fig.  1).  The  lines  are  assigned  by 
their  rotational  branches  (P  or  R),  their  rotational 
quantum  numbers  and,  in  brackets,  their  vibrational 
quantum  numbers  of  the  excited  electronic  and  the 
ground  state,  respectively  (Hiller  and  Hanson  (1990)). 

The  fluorescence  signal  for  each  absorption  line  is 
proportional  to: 
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•  Fluorescence  efficiency  factor  (Stem-Volmer 
factor),  which  depends  on  the  lifetime  of  the  excited 
state  and  on  the  quenching  rate  which  is  related  to 
the  thermodynamic  conditions 

•  Laser  power  (in  the  unsaturated  regime) 

•  Absorption  line  shape  function  which  depends  on 
temperature  and  pressure  and  which  is  a 
convolution  of  both  Doppler  and  collisional 
broadening 

•  Number  density  of  iodine  molecules  which  is 
proportional  to  the  seeding  fraction 

•  Fractional  population  of  iodine  molecules  in  the 
absorbing  energy  level 

•  Rotational  and  vibrational  line  strengths. 


Figure  1.  Measured  LEF  excitation  spectrum  from 
reference  cell  containing  iodine  at  vapour  pressure 
(T=295  K,  points:  measurement,  line:  Gaussian-fit). 


The  molecule  acts  as  a  moving  receiver  and 
receives  a  shifted  excitation  frequency  according  to  the 
Doppler  effect.  If  the  LIF  signal  in  the  flow  is 
compared  to  a  static  reference  signal,  the  frequency 
shift  is  given  by 
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The  rotational  temperature  (which  for 
thermodynamic  equilibrium  corresponds  to  the  static 
flow  temperature)  can  be  measured  by  exciting  two 
different  absorption  lines  (two-line  method,  see  Ni-Imi 
et  a.  (1995)).  If  the  ratio  of  the  two  LIF  signals  is  used, 
all  factors  mentioned  above  cancel  out  except  for  the 
fractional  populations  and  the  rotational  and  vibrational 
line  strengths  (Honl-London  and  Franck-Condon 
factors,  respectively).  The  fractional  population  is 
assumed  to  have  a  Boltzmann  distribution,  since  flows 
at  thermodynamic  equilibrium  are  studied  here.  The 
total  fractional  population  can  be  written  as  the  product 
of  the  vibrational  and  the  rotational  fractional 
populations: 
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A  measured  LIF  spectrum  at  a  low  pressure  shows 
that  the  absorption  line  shapes  look  like  Gaussian 
functions  (Fig.  1).  The  single  mode  argon  ion  laser  line 
width  is  not  narrow  enough  in  frequency  to  resolve  the 
hyperfine  structure  of  the  iodine  molecule. 

The  principle  of  velocity  measurements  is  explained 
in  Fig.  2.  A  molecule  moving  at  a  velocity  u  is  excited 
by  the  laser  beam  at  an  angle  of  incidence  ###. 
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Figure  2.  Principle  of  LIF  velocity  measurements. 


Additionally,  a  degeneracy  factor  for  the  hyperfine 
structure  has  to  be  considered,  see  Hiller  and  Hanson 
(1990). 

The  calculated  intensity  ratio  has  been  plotted 
against  the  temperature  and  shows  a  high  sensitivity  for 
cold  temperatures  (Fig.  3). 

Experiments  in  a  supersonic  free  jet  and  with  a 
heated  iodine  cell,  however,  showed  that  the  theory  is 
not  consistent.  If  the  temperature  exceeded  90  K  the 
measured  intensity  ratio  was  higher  than  the  theoretical 
one  so  that  temperatures  were  underpredicted 
considerably. 

The  same  phenomenon  was  observed  by  Donohue 
(1997).  He  argued  that  a  probable  reason  for  this 
discrepancy  is  that  the  fluorescence  efficiency  from  the 
upper  to  the  lower  state  (Stem-Yolmer  factor)  is  not  the 
same  for  all  lines  as  assumed  in  the  two-line  method. 
He  corrected  the  fluorescence  model  empirically  and  a 
similar  approach  has  been  applied  here  by  multiplying 
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the  theoretical  intensity  ratio  by  a  linear  temperature 
dependent  coefficient  (Fig.  3). 


Temperature  /  [K] 


Figure  3.  Calculated  and  corrected  temperature 
dependence  of  the  intensity  ratio  of  the  absorption  lines 
(P13/R15  toP103/P48). 

For  the  pressure  measurements  the  absorption 
linewidth  of  the  P13/R15  absorption  line  is  taken  into 
account.  As  shown  in  Fig.  4,  the  halfwidth  of  the 
absorption  lines  is  increased  at  a  higher  pressure. 


Relative  frequency  /  (GHz] 


Figure  4.  LDF  spectrum  at  different  pressures. 


An  analytical  description  of  the  linewidth,  however, 
leads  to  complicated  calculations  because  iodine 
absorption  lines  exhibit  a  hyperfine  structure.  A 
convolution  integral  which  considers  the  different  line 
broadening  effects  has  to  be  calculated  for  every 
hyperfine  line,  see  Hirai  and  Teshima  (1998). 

A  simplified,  semi-empirical  approach  has  been 
developed  here. 


The  thermal  motion  of  the  molecules  leads  to  an 
inhomogeneous  line  broadening  which  is  expressed  by 
the  Doppler  width  (Demtroder  (1996)): 


Collisions  between  the  molecules  cause  a 
homogeneous  line  broadening  which  is  called 
collisional  or  pressure  broadening. 
It  depends  on  the  total  number  density  of  the  iodine-air 
mixture  which  corresponds  approximately  to  the  total 
number  density  of  air  molecules: 


Collision  broadening  parameters  are  rarely 
available  in  the  literature,  however.  Therefore,  a 
calibration  measurement  with  a  variable  pressure  cell 
was  conducted  to  determine  the  variation  of  the 
linewidth  at  room  temperature.  Fig.  5  shows  that  the 
halfwidth  depends  linearly  on  the  pressure  in  the  range 
from  0  to  15  kPa.  A  linear  regression  is  applied  to  the 
datapoints  and  the  slope  is  used  to  calculate  the 
pressure  broadening. 

The  contribution  of  the  hyperfine  structure  is 
assumed  to  have  a  constant  value  of  0.8  GHz,  as 
measured  by  Levenson  and  Schawlow  (1972). 


Figure  5.  Absorption  line  halfwidth  versus  pressure. 


The  three  line  broadening  effects  are  combined  to 
Eq.  (5)  for  the  calculation  of  the  linewidth.  The 
constant  factors  are  given  in  Table  1. 

Avw  =  Ay  +  B-Jt  +  C  (5) 
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Table  1.  Constants  used  in  Eq.  (5). 


A 

B 

C 

13.7  GHz  K/kPa 

0.02  GHz/K0-5 

0.8  GHz 

Molecular  collisions  not  only  cause  line  broadening 
but  also  a  frequency  shift  of  absorption  lines.  The 
collisional  impact  shift  has  to  be  subtracted  from  the 
measured  frequency  shift  to  obtain  the  Doppler  shift  for 
the  velocity  calculation. 

An  empirical  relation  was  obtained  by  Donohue  and 
McDaniel  (1996): 

(6) 

with  D=  -  0.39  GHz  K0-7  /  kPa  . 

The  minus  sign  accounts  for  the  fact  that  the 
collisional  impact  shift  leads  to  a  downshift  of  the  line 
center  frequency. 

3.  EXPERIMENTAL  FACILITIES 

Experiments  have  been  performed  using  a  low 
density  wind  tunnel  running  with  atmospheric  air.  Test 
sections  can  be  attached  to  a  large  vacuum  tank  (28 
m3)  connected  to  several  vacuum  pumping  systems.  A 
vacuum  pressure  down  to  1  kPa  can  be  obtained  for  a 
reasonable  test  section  size.  The  wind  tunnel  can  be 
operated  either  in  a  continuous  or  in  an  intermittent 
mode  depending  on  the  mass  flow  through  the  test 
section. 

The  experimental  set-up  for  LIF  measurements  is 
shown  in  Fig.  6. 

The  incoming  air  is  dried  by  means  of  silica  gel  and 
flows  through  a  mixing  chamber  where  iodine 
molecules  are  seeded  into  the  flow  by  sublimation  from 
crystals.  An  iodine  seeding  fraction  of  10  ppm  has  been 
measured,  which  yields  good  fluorescence  signals.  The 
seeding  fraction  is  well  below  the  saturation  limit  of 
400  ppm.  A  high  seeding  fraction  is  not  desirable  for 
two  reasons:  First,  the  air-iodine  mixture  becomes 
optically  thick  which  would  result  in  a  non  linear 
response  of  the  fluorescence  signals.  Second,  iodine  is 
corrosive  and  should  only  be  used  in  a  small  amount. 

A  Coherent  Innova  200-15  argon  ion  laser  is 
operated  in  single  mode  by  inserting  an  air  spaced 
intra-cavity  etalon  (Spectra  Physics  Model  589,  free 
spectral  range  10  GHz).  As  a  result,  the  laser  line  width 


is  narrowed  from  10  GHz  (8.8  pm)  in  multi  mode 
operation  down  to  20  MHz  (0.02  pm)  in  single  mode 
operation.  This  is  sufficiently  narrow  to  analyse  an 
absorption  line  profile  with  a  typical  halfwidth  of  1.5 
GHz  (1pm). 


15  W  argon  laser  with  tunable  intracavity  etalon 
max.  3  W  single  mode 


Fig.  6.  Experimental  set-up  for  LIF  measurements. 


The  etalon  acts  as  a  bandpass  filter  and  selects  one 
of  about  120  longitudinal  modes  (80  MHz  apart)  in  the 
laser  cavity.  It  is  possible  to  tune  the  etalon  by  varying 
the  optical  path  length  in  the  filter  which  is  achieved  by 
smoothly  tilting  the  etalon  with  a  small  DC  motor. 

The  laser  beam  is  adjusted  to  intersect  the  test 
section  axis  at  an  angle  of  70°.  An  angle  not  equal  to 
90°  is  necessary  for  the  detection  of  the  Doppler  shift 
according  to  (Eq.  1).  While  the  laser  is  tuned  over  an 
absorption  line,  the  broadband  fluorescence  emission 
of  the  excited  iodine  molecules  is  imaged  on  a 
photomultiplier  (measuring  volume  size  -  1  mm3)  and 
the  absorption  line  is  reconstructed.  The  fluorescence 
emission  is  shifted  to  longer  wavelengths  because  the 
excited  energy  level  decays  to  all  possible  ground 
states.  Therefore,  the  emission  signal  can  be  detected 
by  blocking  the  excitation  laser  wavelength  with  a 
longpass  filter  positioned  in  front  of  the  detector  (530 
rnn  cut-off  frequency). 

A  part  of  the  laser  beam  is  split  to  the  reference 
iodine  cell  containing  iodine  crystals  under  vapour 
pressure.  Both  photomultiplier  signals  are  amplified  by 
lock-in  amplifiers,  then  digitised  using  a  12  bit  AD- 
card,  and  processed  by  a  PC  which  controls  also  the 
etalon  tuning  and  traversing  mechanism.  The  laser 
mode  structure  can  be  observed  using  a  Fabry-Perot 
interferometer  and  an  oscilloscope. 

An  example  of  a  typical  measurement  is  plotted  in 
Fig.  7.  The  measured  data  of  the  LEF  signals  in  the  flow 
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and  reference  cell  are  normalised  to  the  laser  power 
which  is  recorded  simultaneously  with  an  amplified 
photodiode.  The  absorption  lines  are  fitted  with 
Gaussian  functions  in  order  to  determine  the  maximum 
value  which  is  used  to  calculate  the  Doppler  shift  for 
the  velocity  measurement. 

The  ratio  of  the  maximum  intensity  of  the  P13/R15 
line  to  the  maximum  intensity  of  the  P103/P48  line 
yields  the  temperature  (Fig.  3).  The  temperature  and 
the  halfwidth  of  the  P13/R15  line  is  used  in  (Eq.  5)  to 
determine  the  pressure.  The  tuning  and  data  acquisition 
process  takes  about  6  s  so  that  only  time  averaged 
values  can  be  obtained. 


Relative  frequency  /  (GHz) 


Figure  7.  Plot  of  LIF  measurement. 


4.  EXPERIMENTAL  RESULTS 

A  supersonic  free  jet  issuing  from  a  small  round 
orifice  into  a  low  pressure  is  used  to  test  the  LIF  system 
(Fig.  8).  This  kind  of  flow  is  an  ideal  test  case  for  two 
reasons:  First,  it  offers  a  wide  range  of  thermodynamic 
flow  property  values  with  a  strong  gradient  after  a 
normal  shock  at  the  end  of  the  expansion  process 
(Mach  disk).  Second,  a  Mach  number  relation  for  the 
isentropic  expansion  along  the  free  jet  centreline  axis 
which  is  valid  for  the  distance  of  one  orifice  diameter 
from  the  exit  up  to  the  Mach  disk  was  presented  by 
Ashkenas  and  Sherman  (1966).  The  location  of  the 
Mach  disk  can  be  computed  with  an  empirical  formula: 


If  the  stagnation  conditions  are  known,  the  velocity, 
pressure  and  temperature  can  be  calculated  according 
to  the  Mach  number  distribution  and  the  isentropic 
Mach  number  relations  (Liepmann  and  Roshko 


(1957)),  so  that  a  comparison  of  experimental  and 
theoretical  results  is  directly  possible. 

The  state  after  the  Mach  disk  is  computed  with  the 
normal  shock  relations  and  the  flow  properties  are 
assumed  to  be  uniform  for  a  short  distance  after  the 
Mach  disk. 


Figure  8.  Schlieren  picture  of  a  free  jet  expanding  from 
an  orifice.  Frame:  Cf.  Figs.  12,  13,  14. 

Centreline  axis  measurements  for  the  velocity, 
temperature  and  pressure  distribution  are  presented  for 
a  free  jet  with  an  orifice  diameter  of  7.5  mm  and  a 
pressure  ratio  of  20.7  (stagnation  to  background 
pressure).  The  maximum  Mach  number  before  the 
Mach  disk  is  4.85  corresponding  to  a  velocity  of  about 
700  m/s,  a  temperature  of  60  K  and  a  pressure  of  0.23 
kPa.  Downstream  of  the  Mach  disk,  the  Mach  number 
is  reduced  to  0.42  which  corresponds  to  a  velocity  of 
142  m/s,  whereas  the  temperature  and  pressure  rise  to 
290  K  and  6.16  kPa,  respectively.  The  theoretical 
location  of  the  Mach  disk  is  found  at  22.9  mm  from  the 
orifice  exit. 

In  the  following  pictures,  measurements  are 
denoted  by  points  and  the  theoretical  distribution  is 
plotted  as  a  smooth  line. 

The  velocity  measurements  have  been  corrected 
with  the  collisional  impact  shift  calculated  from  the 
theoretical  pressure.  Fig.  9  shows  that  the  impact  shift 
plays  a  significant  role  only  up  to  a  distance  of  10  mm 
from  the  orifice  exit. 

The  measurement  is  consistent  with  the  theoretical 
distribution  and  the  velocity  drop  after  the  Mach  disk  is 
represented  very  clearly.  After  the  Mach  disk,  the  flow 
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is  slightly  reaccelerated.  The  average  absolute  error  is 
±  20  m/s. 


Figure  9.  Centreline  axis  velocity  measurement  of  the 
free  jet. 

The  temperature  measurements  prove  to  be  in  good 
agreement  with  the  theoretical  temperature  distribution 
especially  at  cold  temperatures  (TclOOK),  where  the 
sensitivity  of  the  two-line  method  is  high  (Fig.  10).  The 
average  absolute  error  is  ±  10  K  (calculated  up  to  a 
distance  of  25  mm). 


Figure  10.  Centreline  axis  temperature  measurement  of 
the  free  jet. 

Directly  after  the  shock,  the  measured  temperature 
agrees  well  with  the  theory.  The  lower  temperatures 
downstream  of  the  shock  can  be  explained  with  the 
reacceleration  of  the  flow. 

Fig.  11  shows  that  the  pressure  measurement 
corresponds  to  the  theoretical  distribution  especially 
for  pressures  lower  than  5  kPa.  After  the  Mach  disk, 
the  measured  pressure  rises  to  the  theoretical  pressure. 
An  average  absolute  error  of  ±  0.5  kPa  was  calculated 
up  to  a  distance  of  25  mm. 


Figure  1 1.  Centreline  axis  pressure  measurement  of  the 
free  jet. 


Figs.  12,  13  and  14  show  flow  field  measurements  of 
the  free  jet  expansion  (cf.  Fig.  8).  The  impact  shift  has 
been  calculated  from  the  measured  pressure.  A  smooth 
flowfield  the  can  be  observed  inside  the  barrel  shocks 
and  the  Mach  disk  can  be  clearly  seen  in  the  contour 
plots. 


Distance  from  orifice  /  [mm] 

Fig.  12.  Velocity  field  measurement  of  the  free  jet. 
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Temperature  /  [K] 


Distance  from  orifice  /  [mm] 


Fig.  13.  Temperature  field  measurement  of  the  free  jet. 


Pressure  /  [kPa] 


10  20  30 

Distance  from  orifice  /  [mm] 


Fig.  14.  Pressure  field  measurement  of  the  free  jet. 


The  application  of  the  iodine  LIF  method  is  limited 
to  pressures  below  30  kPa,  however,  because  of  line 
broadening  and  signal  quenching.  Furthermore,  it 
yields  only  time  averaged  values  and  one  velocity 
component  per  measurement  because  of  the  scalar 
product  in  (Eq.  1). 

The  combined  LIF  measurement  technique  will  be 
applied  to  supersonic  mixing  flows  with  shear  layers  to 
study  the  evolution  of  mixing  layers. 


NOMENCLATURE 


Latin  symbols: 


A 

:  Constant 

[Ghz  K/kPa] 

B 

:  Constant 

[GHz/K05] 

C 

:  Constant 

[GHz] 

d 

:  Orifice  diameter 

[m] 

D 

:  Constant 

[Ghz  K07/kPa] 

f 

:  Fractional  population 

[%] 

J" 

:  Rotational  quantum  number 

of  the  groundstate 

[-] 

k 

:  Wave  vector  of  laser  beam 

[1/m] 

k 

:  Boltzmann  constant 

[J/K] 

M 

:  Molecular  mass 

[amu] 

N 

:  Number  density 

[1/m3] 

P 

:  Pressure 

[Pa] 

T 

:  Temperature 

[K] 

u 

:  Velocity 

[m/s] 

V“ 

:  Vibrational  quantum  number 

of  the  groundstate 

[-] 

Greek  symbols: 


5.  CONCLUDING  REMARKS 

Laser-induced  fluorescence  offers  the  possibility  to 
perform  a  combined  measurement  of  velocity, 
temperature  and  pressure  in  compressible  gas  flows  for 
velocities  above  30  m/s,  temperatures  below  300  K  and 
pressures  lower  than  15  kPa.  High  gradients  are 
represented  correctly.  Velocity  measurements  agree 
well  with  theory,  but  they  have  to  be  corrected  at 
higher  pressures  with  the  collisional  impact  shift.  The 
temperature  can  be  measured  correctly  between  60  K 
and  300  K  if  a  linear  correction  is  applied  to  the 
theoretical  fluorescence  model.  Pressure  measurements 
based  on  a  semi-empirically  derived  relation  show  a 
reasonable  agreement  with  theoretical  rssults.  It  is 
necessary  to  account  for  the  temperature  in  this 
relation,  so  that  errors  in  the  temperature  measurement 
affect  also  the  pressure  measurement. 


### 

11  ft  If 

:  Angle 

between 

laser  wave  vector 

and  velocity  vector 

[°] 

### 
ft  ft  if 

Light 

wavelength 

[m] 

###  :  Light  frequency 

[Hz] 

Av  :  Frequency  shift 

[Hz] 

Av  w  :  Linewidth 

[Hz] 

©  :  Characteristic  temperature 

(molecular  constant) 

[K] 

11 11  11, 

### 

Angular 

frequency 

[Hz] 

Subscripts: 

0  :  Stagnation 

b  :  Background 
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D  :  Doppler 

I  :  Impact 

p  :  Pressure 

R  :  Rotational 

V  :  Vibrational 


ABBREVIATIONS 

FPI  :  Fabry-Perot  interferometer 
LIF  :  Laser-induced  fluorescence 
PM  :  Photomultiplier 

ACKNOWLEDGEMENTS 

Financial  support  through  the  Graduiertenkolleg 
Transportvorgange  in  Hyperschallstromungen  at  the 
RWTH  Aachen  is  gratefully  acknowledged. 


REFERENCES 

Demtroder,  W.  1996,  Laser  Spectroscopy,  Second 
Enlarged  Edition,  pp.  5-98,  Springer-Verlag,  Berlin. 

Donohue,  J.M.,  McDaniel  Jr.,  J.C.  1996,  Computer- 
Controlled  Multiparameter  Flowfield  Measurements 
Using  Planar  Laser-Induced  Iodine  Fluorescence, 
AIAA  Journal,  vol.  34,  no.  8,  pp.  1604-1611. 

Donohue,  J.M.,  1997,  Dept,  of  Mechanical 

Engineering,  Santa  Clara  University,  Santa  Clara, 
Calif.,  USA,  personal  communication. 

Hiller,  B.,  Hanson,  R.K.  1990,  Properties  of  the  Iodine 
Molecule  Relevant  to  Laser-induced  Fluorescence 
Experiments  in  Gas  Flows,  Exp,  in  Fluids,  vol.  10,  pp. 
1-11. 


Hirai,  E.,  Teshima,  K.  1998,  Fluorescence  Intensity 
Distribution  in  I2-LIF  Flow  Visualization  Considering 
I2-Hyperfine  Structure,  Colloquium  on  Nonequilibrium 
Phenomena  of  Low-Density  Jets  in  Space,  Kyoto, 
Japan,  pp.  61-65. 

Levenson,  M.D.,  Schawlow,  A.L.  1972,  Hyperfine 
Interactions  in  Molecular  Iodine,  Physical  Review  A, 
vol.  6,  no.  1,  pp.  10-20,  1972. 

Liepmann,  H.W.,  Roshko,  A.  1957,  Elements _ of 

Gasdvnamics.  pp.  39-61,  John  Wiley  &  Sons,  New 
York. 

McDaniel  Jr.,  J.C.,  Hiller,  B.,  Hanson,  R.K.  1983, 
Simultaneous  Multiple-Point  Velocity  Measurements 
Using  Laser-Induced  Iodine  Fluorescence,  Optics 
Letters,  vol.  8,  no.  1,  pp.  51-53. 

Ni-Imi,  T.,  Fujimoto,  T.,  Ishida,  T.  1995,  Selection  of 
Absorption  Lines  for  I2-Planar  Laser-Induced  Iodine 
Fluorescence  Measurement  of  Temperature  in  a 
Compressible  Flow,  Applied  Optics,  vol.  34,  no.  27, 
pp.  6275-6281. 

Sherman,  H.,  Ashkenas,  F.S.  1966,  The  Structure  and 
Utilization  of  Supersonic  Free  Jets  in  Low  Density 
Wind  Tunnels,  Proceedings  of  the  4th  International 
Symposium  on  Rarefied  Gas  Dynamics  Toronto  1964, 
vol.  2,  pp.  84-105,  Academic  Press. 


23.4.8 


DENSITY  AND  TEMPERATURE  MEASUREMENTS  IN  A  NITROGEN  JET 
AT  SUPERCRITICAL  PRESSURES  USING  SPONTANEOUS  RAMAN  SCATTERING 

M.  Oschwald,  A.  Schik 


Deutsches  Zentrum  fur  Luft-  und  Raumfahrt,  Raumfahrtantriebe 
Lampoldshausen,  Germany 


INTRODUCTION 

Rocket  motors  working  with  cryogenic  oxygen  and 
hydrogen  are  operated  at  pressures  above  lOMPa, 
higher  than  the  critical  pressure  of  oxygen  (5.0MPa) 
and  hydrogen  (1.3MPa).  Whereas  hydrogen  is  be¬ 
having  like  an  ideal  gas,  oxygen  shows  real  gas  be¬ 
haviour  at  injection  conditions.  The  Cryo-Injector- 
Experiment  at  the  DLR  Lampoldshausen  is  ded¬ 
icated  to  investigate  the  fuel  injection  under  the 
conditions  of  supercritical  pressures  at  idealized  ex¬ 
perimental  conditions.  LN2  and  GH2  are  injected 
trough  a  coaxial  injection  element  in  a  pressurized 
reservoir.  Real  gas  behaviour  is  resulting  in  a  strong 
variation  of  the  nitrogen  density  in  the  temperature 
range  from  100K  to  140K.  This  non-reactive  system 
is  used  to  clarify  the  phenomenology  and  to  validate 
modelling  and  CFD-codes,  allowing  the  interpreta¬ 
tion  of  experimental  and  numerical  results  without 
the  complex  interaction  of  reaction  and  flow.  Spon¬ 
taneous  Raman-scattering  which  at  ambient  pres¬ 
sure  suffers  from  its  low  signal  intensity  becomes  a 
diagnostic  tool  of  high  potential  at  high  pressures. 
Quantitative  analysis  of  signals  generated  by  spon¬ 
taneous  Raman-scattering  is  straight  forward  com¬ 
pared  to  other  spectroscopic  techniques  like  LIF  or 
CARS  where  collisions  between  molecules  requires 
adequate  modelling  of  line  broadening  and  quench¬ 
ing. 

The  breakup  of  a  cryogenic  nitrogen  jet  has 
been  investigated  using  spontaneous  Raman  scat¬ 
tering.  In  this  paper  the  experimental  set-up  for 
applying  spontaneous  Raman-scattering  for  density 
measurements  under  high  pressure  conditions  is  de¬ 
scribed.  Results  for  nitrogen  injection  without  and 
with  coaxial  injection  of  hydrogen  are  presented. 
For  several  injection  conditions  radial  density  pro¬ 
files  of  nitrogen  and  hydrogen  has  been  obtained  as 
a  function  of  location  downstream  the  injector. 


EXPERIMENTAL  SET-UP 

The  coaxial  injector  was  designed  to  be  as  rep¬ 
resentative  as  possible  to  the  situation  in  rocket 
combustion  chambers  in  terms  of  non  dimensional 
numbers  (e.g.  Reynolds  numbers,  reduced  tem¬ 
peratures  and  pressures,  Mayer  (1996)).  The  di¬ 
ameter  of  the  nitrogen-post  was  1.9mm,  the  inner 
and  outer  diameter  of  the  annular  hydrogen  slit 
was  2.4mm  and  3.2mm  respectively.  The  fluids  are 
injected  in  a  reservoir  filled  with  nitrogen  at  am¬ 
bient  temperature  that  can  be  pressurized  up  to 
6MPa.  Experiments  have  been  done  at  4MPa,  a 
factor  of  1.18  above  the  critical  pressure  of  nitrogen 
of  Pc=3.39MPa.  Nitrogen  is  injected  at  cryogenic 
temperatures,  injection  of  hydrogen  is  optional.  Ta¬ 
ble  1  summarizes  the  test  cases  that  are  presented  in 
this  paper.  Test  cases  A  and  B/C  differ  in  the  den¬ 
sity  ratio  between  the  cryogenic  nitrogen  injected 
and  the  nitrogen  in  the  reservoir.  The  critical  tem¬ 
perature  of  nitrogen  is  Tc=126.3K.  In  case  A  ni¬ 
trogen  is  injected  at  tmepratures  above  this  value, 
in  casess  B  and  C  at  temperaures  below  this  value. 

A  sketch  of  the  optical  set-up  is  shown  in  figure 
1.  An  Ar-ion  laser  beam  (1.5Watt,  488nm)  is  fo¬ 
cused  with  a  f=50mm  lense  into  the  measurement 
volume.  The  radiation  emitted  by  the  laser  has 
some  small  contribution  from  emission  lines  from 
the  laser  plasma.  Since  part  of  the  plasma  emis¬ 
sion  is  laying  in  the  spectral  region  of  the  Raman 
lines  it  could  be  a  source  of  interference.  The  laser 
beam  was  therefore  spectrally  cleaned  by  passing  it 
through  two  prisms  and  through  a  spatial  filter  in 
front  of  the  entrance  window  of  the  flow  channel. 

The  high  density  gradients  between  the  injected 
cryogenic  nitrogen  and  the  reservoir  gas  at  ambient 
pressure  results  in  strong  gradients  of  the  index  of 
refraction.  At  this  gradients  the  laser  beam  will  be 
efficiently  reflected.  For  measuring  the  weak  Ra- 
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case 

P  [MPa] 

VJV2, Jet  [m/ s] 

TjV2 ,Jet  [K] 

PN2,Jet/PRes 

vm  [m/s] 

Th2  [K] 

A 

4 

5 

140 

3.34 

- 

- 

B 

4 

5 

119 

12.5 

- 

- 

C 

4 

20 

100 

15.7 

- 

- 

D 

4 

5 

140 

3.34 

60 

270 

Table  1:  test  cases 


I  Ar -laser 
488nm 
1.5  watt 


filter 


|  _ 

S—Ml  is  integration  on  chip 


Figure  1:  Sketch  of  the  optical  set-up 


man  lines  filters  with  high  absorption  at  the  wave¬ 
length  of  the  laser  line  and  high  transmission  at 
the  Raman  lines  have  to  be  used.  With  a  combi¬ 
nation  of  a  high  pass  filter  (SCHOTT  OG550)  and 
narrow-band  interference  filters  at  the  Raman  wave¬ 
lengths  a  transmission  on  the  laser  wavelength  less 
then  10~12  could  be  achieved. 

Laser  light  reflected  on  the  surface  of  the  cryo¬ 
genic  nitrogen  jet  was  scattered  in  all  directions 
leading  to  a  bright  illumination  of  all  walls  in  the 
flow  channel.  The  effect  becomes  more  serious 
when  the  temperature  of  the  injected  nitrogen  is  de¬ 
creased.  Density  gradients  and  hence  gradients  of 
refraction  are  much  more  pronounced  in  this  case. 
The  illumination  of  the  walls  results  in  a  broadband 
emission  in  a  wide  spectral  range  covering  the  posi¬ 
tions  of  the  Raman-lines.  The  use  of  narrow-band 
filters  is  therefore  necessary  to  discriminate  the  Ra¬ 
man  lines  from  broadband  background  radiation. 

The  Raman-signal  generated  in  the  ID  mea¬ 
surement  volume  was  detected  with  an  intensified 


CCD-camera.  The  signal  was  integrated  on  the 
CCD-Chip  during  Is.  For  a  density  of  40  amagat  a 
S/N-ratio  about  40  could  be  achieved  in  this  exper¬ 
iments. 

From  the  Raman-signal  intensity  the  probe 
molecule  density  was  determined  by  the  assump¬ 
tion  of  proportionality  of  Raman-signal  intensity  to 
probe  molecule  density,  any  density  dependance  of 
the  Raman  cross  section  as  discussed  for  example  by 
Schrotter  (1979)  has  been  neglected.  The  signal  was 
calibrated  by  the  Raman  signal  in  the  reservoir  on 
the  entrance  side  of  the  laser  beam  where  tempera¬ 
ture  and  pressure  and  hence  the  density  are  known. 
With  the  tabulated  values  of  the  dependence  of  den¬ 
sity  on  temperature  from  Younglove  (1982)  temper¬ 
ature  profiles  were  determined  from  the  temporally 
averaged  density  profiles. 
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EXPERIMENTAL  RESULTS 
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Typical  density  profiles  for  test  cases  A  and  C  are 
shown  in  figure  2  and  3.  In  all  test  cases  the  laser 
beam  was  deflected  at  the  refraction  index  gradi¬ 
ents.  In  case  A  the  beam  was  slightly  divergent 
after  it  passed  the  nitrogen  jet.  In  cases  B  and  C, 
when  the  nitrogen  density  was  much  higher  due  to 
the  lower  injection  temperature,  the  divergence  of 
the  laser  beam  becomes  very  strong  on  the  exit  side 
of  the  N2-jet  and  the  significance  of  the  Raman  data 
is  reduced  at  that  location,  especially  in  the  region 
near  the  injector  exit. 

Profiles  for  case  D  where  hydrogen  and  nitrogen 
are  injected  coaxially  are  shown  in  figures  4  and  5. 
Near  the  injector  (fig.  4)  the  hydrogen  signal  drops 
nearly  to  zero  on  the  central  jet-axis.  The  hydrogen 
signal  is  not  approaching  zero  at  large  value  of  r/ d 
since  the  nitrogen  gas  in  the  reservoir  is  enriched 
with  the  injected  hydrogen  during  the  experiment. 
At  radial  positions  of  maximum  hydrogen  density 
minima  in  the  nitrogen  density  can  be  observed  as 
expected.  Further  downstream  mixing  of  the  two 
fluids  leads  to  a  decrease  of  the  hydrogen  peak  den¬ 
sity  and  to  an  increase  of  the  hydrogen  level  on  the 
central  axis  (fig.  5). 

The  measured  profiles  for  test  cases  A  and  C 
were  analyzed  in  respect  to  the  maximal  and  mini¬ 
mal  values  of  density  and  temperature  respectively 
(see  fig.  6,  7).  Further  parameters  were  determined 
to  characterize  the  shape  of  the  density  and  temper¬ 
ature  profiles  which  change  downstream  in  a  char¬ 
acteristic  way.  The  slope  dT/dr  has  been  derived 
from  the  measured  profiles  (fig.  8)  which  should 
give  information  on  the  heat  entrainment  from  the 
reservoir  gas  at  ambient  temperature  to  the  central 
axis  on  which  cryogenic  nitrogen  has  been  injected. 
Near  the  injector  the  density  profiles  have  a  rather 
rectangular  shape  with  constant  plateau  at  the  level 
of  the  injection  conditions  (see  for  example  fig.  2). 
Further  downstream  the  shape  is  more  Gaussian. 
To  quantify  this  change  of  the  shape  a  function  of 
the  form  1  -  tanh2((r/r0)")  has  been  fitted  to  the 
radial  profiles.  Rectangular  shaped  profiles  yield  a 
fitted  parameter  n  >  1 .  n  —  1  corresponds  to  a  pro¬ 
file  used  to  describe  free  jets  in  the  similarity  region 
(Schlichting  (1979)).  Figure  9  shows  the  behaviour 
of  n  down-streams  the  injector  for  cases  A  and  C. 

DISCUSSION 

In  figures  6  and  7  density  maxima  and  temperature 
minima  of  the  radial  profiles  are  shown  normalized 
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Figure  2:  Radial  N2-density  profile,  test  case  A, 
2mm  downstream  of  the  injector 


Figure  3:  Radial  N2-density  profile,  test  case  C, 
53mm  downstream  of  the  injector 

to  the  difference  between  injector  exit  and  reservoir 
conditions.  A  normalized  value  of  1  corresponds  to 
injector  exit  conditions,  a  value  of  0  to  reservoir  con¬ 
ditions.  Note  that  a  decrease  in  normalized  temper- 
atur  corresponds  to  an  increase  of  jet  temperature. 

The  maximum  of  the  radial  density  profile  de¬ 
creases  in  case  A  and  approaches  nearly  reservoir 
conditions  for  x/D  «  20  (fig.  6).  For  case  C  in 
which  nitrogen  is  injected  at  much  lower  tempera¬ 
ture  a  linear  decrease  with  smaller  slope  is  observed. 
The  reservoir  density  is  still  not  reached  at  the  end 
of  the  field  of  observation  at  x/D  =30. 

The  different  jet  behaviour  in  cases  A  and  C 
is  much  more  pronounced  in  respect  to  the  radial 
temperature  distribution.  In  case  A  the  normal¬ 
ized  temperature  is  constant  for  x/dsi6  and  then 
decreasing,  corresponding  to  an  increase  of  the  jet- 
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Figure  4:  Radial  density  profile  for  nitrogen  and  hy¬ 
drogen,  test  case  D,  2mm  downstream  the  injector 


Figure  5:  Radial  density  profile  for  nitrogen  and  hy¬ 
drogen,  test  case  D,  10mm  downstream  the  injector 

temperature  T jet  due  to  heat  transfer  from  reser¬ 
voir  gas  at  ambient  temperature.  At  the  end  of 
the  field  of  observation  the  temperature  of  the  jet 
and  of  the  reservoir  are  rather  equilibrated.  At  the 
injection  temperature  of  100K  (case  C)  real  gas  be¬ 
haviour  is  much  more  pronounced  than  at  140  K 
(case  A).  In  case  C  temperature  is  rather  constant 
up  to  x/d»30.  The  fluid  at  supercritical  pressure 
and  subcritical  temperature  is  behaving  similar  to 
a  boiling  liquid:  the  density  of  the  jet  is  decreasing 
strongly  while  the  temperature  of  the  fluids  remains 
nearly  constant  on  a  level  corresponding  to  the  boil¬ 
ing  temperature  at  the  phase  transition  of  a  liquid. 

The  radial  temperature  gradients  as  a  function 
of  the  distance  from  the  injector  shown  in  figure  8 
can  be  fitted  well  by  exponential  decays.  As  can  be 
seen  the  slope  of  the  temperature  profile  smoothes 


much  more  slowly  in  case  C  than  in  case  A. 

In  case  A  and  C  the  parameter  n,  which  is  char¬ 
acterizing  the  shape  of  the  radial  density  profile  is 
decreasing  linearly  up  to  x/DfalO.  In  case  A  at 
this  position  n  reaches  a  value  of  about  1,  reflect¬ 
ing  a  similarity  profile  of  a  free  jet.  Although  the 
data  indicate  that  n  may  increase  again  for  x/D>10 
again,  the  scatter  of  the  data  is  to  high  to  make 
definitive  statements.  In  case  C  the  decrease  of  n 
ends  at  x/dsslO  at  a  level  significantly  higher  than 
1 ,  indicating  a  more  rectangular  shaped  profile.  The 
value  of  n  stays  constant  up  to  x/D*»19  and  is  then 
approaching  values  near  1.  The  change  in  the  be¬ 
haviour  of  n  near  x/df^lO  in  both  test  cases  is  re¬ 
markable.  More  experimental  work  has  to  be  done 
to  proof  whether  and  how  this  behaviour  can  be 
linked  to  the  phenomenology  of  the  mixing  process. 

A  comparision  of  the  radial  density  profiles  for 
nitrogen  in  test  cases  A  and  D  clearly  shows  the 
increase  of  the  atomization  efficiency  with  coaxial 
hydrogen  injection.  Whereas  the  peak  density  of 
nitrogen  is  reduced  to  about  50%  of  the  injection 
level  at  x/D«10  without  coaxial  injection  (case  A, 
see  figure  2)  the  nitrogen  density  has  decreased  to 
almost  the  reservoir  value  with  coaxial  hydorgen  in¬ 
jection  (test  cases  D,  see  figure  5). 


Figure  6:  Normalized  maximum  of  the  radial  den¬ 
sity  distribution 

CONCLUSION 

lD-Raman  diagnostics  with  a  CW-laser  has  been 
shown  to  give  reasonable  signal-to  noise  ratio  when 
acquiring  temporal  averaged  data  in  high  pressure 
flows.  Density  gradients  in  the  flow  may  result  in 
refraction  index  gradients  limiting  spatial  resolution 
and  measurement  accuracy. 
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Figure  7:  Normalized  minimum  of  the  radial  tem¬ 
perature  distribution 
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Figure  8:  Temperature  gradient  in  the  slope  of  the 
radial  temperature  profile 

The  experiments  showed  that  allthough  at  su¬ 
percritical  pressure  at  subcritical  temperatures  real 
gas  behaviour  results  in  a  phenomenology  similar 
to  a  boiling  fluid.  Heat  entrained  from  the  warm 
reservoir  gas  into  the  cold  jet  results  in  a  expansion 
of  the  fluid  rather  than  in  a  temperature  increase. 
For  large  distances  downstream  the  detector  the  jet 
profile  approaches  that  of  a  ideal  gas  free  jet. 
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Figure  9:  Fit  parameter  n  (see  text)  of  the  radial 
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ABSTRACT 

The  frequency  analysis  of  the  disintegration 
process  of  a  planar  liquid  film  injected  in  the 
shear  layer  formed  between  two  air  flows  is 
realised  by  means  of  two  different  experimental 
techniques,  namely  strobelight  illumination  and 
a  laser  attenuation  technique.  The  experiments 
were  conducted  for  a  liquid  velocity  between 
0.55  and  6  m/s  (425  <  ReL  <  4986)  and  an  air 
velocity  up  to  40  m/s  (Rea  <  17647),  with  the 
velocity  ratio  between  the  two  air  flows  in  the 
range  1  to  4.  The  results  quantify  the  limits  of 
application  of  the  two  techniques,  and  includes 
analysis  of  the  process  of  liquid  disintegration 
as  function  of  the  liquid  velocity.  In  addition, 
back  light  and  laser  light  sheet  illumination  are 
used  to  measure  the  instability  amplitudes, 
which  leads  to  the  liquid  film  disintegration  and 
the  spray  formation. 

1.  INTRODUCTION 

In  a  previous  paper  we  have  identified  the 
periodic  nature  of  the  process  of  liquid  break-up 
and  described  the  atomisation  regimes  of  a  flat 
liquid  film  surrounded  by  a  mixing  layer  for 
variable  strain  levels  (Carvalho  et  al.,  1997). 
The  work  followed  previous  studies  on  the 
disintegration  of  a  thin  liquid  sheet  in  a 
cocurrent  air  stream  (e.g.,  Drombrowski  and 
Johns,  1963;  Fraser  et  al;  1963,  Rizk  and 
Lefebvre,  1980;  Mansour  and  Chigier,  1990, 
1991;  Lozano  et  al,  1996),  which  have  been 
particulary  motivated  by  the  need  to  improve 
understanding  of  the  process  of  liquid 
atomisation,  namely  for  low-emission 
combustors.  Although  a  range  of  tests  in 
axisymmetric  geometries  have  been  reported  in 
the  literature  (Adzic  et  al,  1994;  Carvalho  and 
Heitor  1995;  Karl  et  al,  1996),  the  particular 
complexity  of  the  airblast  geometry  requires 


fundamental  studies  on  planar  liquid  sheets.  In 
this  context,  the  present  paper  is  aimed  to 
improve  on  understanding  of  the  periodic  nature 
of  the  liquid  break-up  process  and  assess  the  use 
of  optical  diagnostics  for  this  purpose. 

Analysis  of  the  liquid  disintegration  process  has 
been  based  on  the  aerodynamic  interaction 
between  liquid  and  air,  which  gives  rise  to  the 
formation  of  waves  (dilatational  or/and 
sinusoidal)  on  the  liquid  surface,  that  grow  up 
to  a  critical  point.  Then,  ligaments  and/or  liquid 
clusters  separate  from  the  liquid  sheet,  which 
subsequently  fragment  into  droplets 
(Drombrowski  and  Johns,  1963).  Those  waves 
are  characterized  by  a  wave  length,  a  wave 
amplitude  rate  and  a  frequency,  which  depend 
on  the  working  conditions  (Eroglu  and  Chigier, 
1991;  Chigier  and  Dumouchel,  1996). 

Arai  and  Hashimoto  (1985)  studied  a  planar 
liquid  film  and  report  similar  results  for  the 
break-up  frequency,  making  use  of  strobelight 
illumination,  and  the  liquid  film  oscillation 
frequency,  which  was  measured  with  a  laser 
dispersion  technique.  The  oscillating  frequency 
of  a  planar  liquid  film  was  later  analysed  by 
Mansour  and  Chigier  (1991)  and  Lozano  et  al. 
(1996),  for  different  geometries  and  working 
conditions.  All  these  studies  show  that  the 
disintegration  frequency  slightly  increases  with 
the  liquid  velocity,  but  strongly  increases  with 
the  air  velocity.  The  resulting  wave  amplitudes 
and  spray  angles  were  particularly  studied  by, 
Eroglu  and  Chigier  (1991),  Mansour  and 
Chigier  (1991)  and  Lozano  et  al  (1996)  using 
several  visualisation  techniques,  making 
comparison  difficult  to  achieve. 

In  this  context,  this  paper  aims  to  discuss  and 
compare  two  different  experimental  techniques 
for  the  frequency  analysis  of  the  disintegration 
process,  and  two  visualisation  techniques  for 
wave  amplitude  and  spray  angle  measurements. 
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The  next  section  describes  the  liquid  generator 
and  the  measuring  techniques  used  throught  this 
work.  The  main  results  are  presented  and 
discussed  in  section  3,  and  the  last  section 
summarises  the  main  conclusions  of  the  work. 


2.  EXPERIMENTAL  METHOD 

2.1  The  liquid  film  generator 

Figure  1  shows  the  liquid  film  generator  used  in 
this  work,  which  consists  of:  i)  an  inner  part,  for 
liquid  flow,  with  an  exit  thickness  of 
t  =  0.7  mm,  and  an  aspect  ratio  of  L/t  =  1 14;  and 
ii)  an  outer  part,  for  air  flow,  with  a  thickness  of 
7  mm.  The  width  of  the  generated  liquid  sheet  is 
80  mm.  Air  can  be  fed  through  the  left  and  right 
channels  separately,  thus  allowing  the  air 
velocity  ratio  to  be  varied  between  1  and  4,  with 
absolute  average  velocities  up  to  40  m/s  (Rea  < 
17647).  Water  was  used  as  a  test  liquid,  and  the 
results  reported  here  are  for  a  liquid  velocity 
between  0.55  and  6  m/s  (425  <  Rei,  <  4986). 


Figure  1.  Liquid  film  generator 

a)  schematic  diagram  of  the  liquid  film  generator; 

b)  vertical  cut  -  side  view 

2.2  Frequency  measurements 
The  frequency  analysis  of  the  disintegration  of 
the  liquid  film  was  achieved  by  means  of  two 
different  techniques,  as  shown  in  figure  2:  one 
of  them  makes  use  of  a  strobelight  with  a 
variable  frequency  illumination,  as  previously 
used  by  Arai  and  Hashimoto  (1985).  The 
characteristic  frequency  of  the  disintegration 
process,  or  break-up  frequency,  is  measured  as 


the  illumination  frequency  which  freezes  the 
phenomena  near  the  exit  region.  This  procedure 
allows  to  identify  the  fundamental  and  related 
harmonics  and  sub-harmonics. 

The  other  technique  used  is  similar  to  that 
described  by  Mansour  and  Chigier  (1991)  and 
makes  use  of  the  light  attenuation  caused  by  the 
flow  when  crossing  a  laser  beam.  A  30  mW 
He-Ne  laser  was  used  and  positioned  parallel  to 
the  flow  in  a  180°  arrangement  with  the 
photodiode  detector.  For  the  results  presented 
here,  the  system  was  located  in  the  break-up 
region.  The  current  of  the  photodiode  is 
converted  into  voltage,  which  is  fed  to  a  digital 
oscilloscope  to  visualise  the  wave  form,  and 
simultaneously  transferred  to  a  16  bits 
acquisition  board.  For  each  point,  10  series  of 
16  304  points  were  acquired  and  Fourier 
analysed  (Fernandes  and  Heitor,  1997).  The 
maximum  relative  error  of  these  measurements 
is  estimated  to  be  1%. 


Figure  2.  Optical  configuration  used  for  frequency 
measurements 


Figure  3  shows  a  typical  power  spectrum 
obtained  for  similar  (figure  3a)  and  different  air 
velocities  from  each  side  of  the  liquid  film 
(figures  3b,  c),  together  with  electronic  noise, 
which  can  be  observed  only  in  the  log-log 
representation  (figures  3a2,  b2  and  c2).  A  fixed 
noise  frequency  at  286  Hz,  due  to  the 
acquisition  board  itself,  is  always  present.  The 
spike  corresponding  to  that  frequency  can  be 
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Figure  3.  Typical  power  spectrum  for  UL  =  2  m/s: 

al)  Ua]  =  Ua2  =  30  m/s  (linear  scale);  a2)  Uai  =  Ua2  =  30  m/s  (log-log  scale) 
bl)  Uai  =  40  m/s,  Ua2  =  10  m/s  (airl/liq  interface;  linear  scale); 
b2)  Uai  =  40  m/s,  Ua2  =  10  m/s  (airl/liq  interface;  log-log  scale) 
cl)  Uai  =  40  m/s,  Ua2  =  10  m/s  (liq/air2  interface;  linear  scale); 
c2)  Ua]  =  40  m/s,  Ua2  =  10  m/s  (liq/air2  interface;  log-log  scale) 


observed  only  in  the  log-log  representation  and 
it  does  not  affect  the  frequency  analysis 
presented  here. 

Analysis  shows  that  when  the  air  velocity  ratio 
is  different  from  unity,  a  second  predominant 
frequency,  lower  than  the  dominant,  appears.  In 
addition,  when  the  control  volume  is  in  the 
air/liquid  interface  of  lower  relative  velocity 
(liq  -  air2),  that  secondary  frequency  has  a 
significantly  lower  value.  If  the  control  volume 
is  positioned  in  the  air/liquid  interface  of  higher 
relative  velocity  (airl  -  liq),  then  the  secondary 
frequency  appears  for  values  only  slightly  lower 
than  the  fundamental.  The  results  also  show  that 
the  energy  of  these  secondary  frequencies  are 
dependent  on  the  axial  position  and  on  the 
liquid  velocity. 

Despite  the  existence  of  secondary  frequencies 
for  air  velocity  ratios  different  from  unity,  the 
overall  frequency  analysis  shows  that  the 
fundamental  frequency  is  not  dependent  on 
either  the  axial  or  transversal  measuring 
locations.  The  control  volume  position  in  the 
flow  affects  only  the  signal  to  noise  ratio,  SNR, 
as  previously  observed  by  Mansour  and  Chigier 


(1991).  The  SNR  was  found  to  be  minimum  for 
the  control  volume  positioned  allong  the  central 
plane  (higher  attenuation),  and  maximum  in  the 
wave  crest  region.  In  addition,  regarding  the 
axial  position  of  the  control  volume,  analysis 
shows  that  the  SNR  is  maximum  in  the  break-up 
region,  which  is  in  agreement  with  Eroglu  and 
Chigier  (1991). 

In  fact,  the  axial  position  of  the  control  volume 
determines  the  “meaning”  of  the  measured 
frequency.  If  it  is  positioned  upstream  of  the 
break-up  region,  an  oscillating  frequency  is 
measured,  while  the  result  is  closed  to  the 
break-up  frequency  when  the  control  volume  is 
located  downstream  of  that  region.  As  the 
fundamental  frequency  does  not  depend  on  the 
axial  position,  it  is  confirmed  that  the  break-up 
and  the  oscillating  frequencies  are  similar.  This 
conclusion  is  also  supported  by  the  comparison 
between  the  results  obtained  with  the  different 
frequency  measuring  techniques,  as  in  figure  4. 

As  referred  before,  the  strobelight  technique 
allows  to  “freeze”  the  break-up  phenomena  for 
different  frequency  values.  As  a  consequence, 
three  different  measurements  were  always 
recorded  for  each  operating  condition,  and  three 
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curves  were  obtained  as  shown  in  figure  4.  On  deviations  between  the  values  measured  with 

the  other  hand,  the  laser  attenuation  technique  two  techniques  below  3%. 

allowed  to  identify  the  fundamental  frequency, 
and  the  results  show  maximum  relative 


A  A  ▲  Strobelight  measurements 


□  E2  □  Strobelight  measurements 


Figure  4.  Frequency  measurements  obtained  with  strobelight  and  laser  attenuation  technique 
a)  Uai  =  Ua2  =  15  m/s;  b)  Ual  =  30  m/s;  =10  m/s 

techniques  were  used.  The  first  makes  use  of 
2.3  Instability  amplitudes  and  spray  angle  laser  light  sheet  illumination  obtained  by 

measurements  spreading  a  laser  beam  with  a  cylindrical  lens. 

Individual  images  were  acquired  by  a  35  mm 
The  critical  amplitude  of  the  instabilities  for  camera  operating  with  400  ASA  films,  and 

which  the  break-up  occurs  determines  the  angle  exposure  time  varying  between  4  ms  and  66  ms. 

of  the  spray,  and  several  techniques  can  be  used  The  second  uses  a  back  white  lighting  of  the 

to  measure  these  characteristics  (e.g.,  Mansour  flow,  obtained  with  a  strobe  light  illumination, 

and  Chigier,  1990,  1991;  Lozano  et  al,  1996).  In  Flow  images  were  acquired  by  a  CCD  video 

the  present  work  two  different  visualisation  camera,  each  frame  corresponding  to  an 
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individual  image  of  the  flow,  with  an  exposure 
time  of  1.2  ps. 

Figure  5  shows  sample  results  obtained  for 
Uai  =  Ua2  =  15  and  30  m/s  with  laser  light  sheet 
and  back  light  illumination.  In  the  case  of  the 
laser  light  sheet  illumination,  the  spray  angle  is 
measured  making  use  of  a  visually  observed 
average  value  of  contrast  between  the  “white” 
spray  and  the  “black”  background.  For  the  back 
light  illumination  the  criteria  was  to  follow  the 
crests  of  the  major  disturbances.  The 
surrounding  droplet  mist  was  not  generally 
considered.  In  both  cases  the  uncertainty  of  the 
measurements  is  estimated  to  be  5%. 


Figure  5.  Side  view  of  the  flow  for  UL  =  1.3  m/s: 

a)  laser  light  sheet  (Ual  =  Ua2  =  15  m/s); 

b)  back  light  illumination,  same  working  conditions; 

c)  laser  light  sheet  (Uai  =  Ua2  =  30  m/s); 

d)  back  light  illumination,  same  working  conditions; 

Figure  6  shows  the  results  obtained  with  both 
techniques  for  Uai  =  Ua2  =  30  m/s  and 
Uai  =  39  m/s  and  Ua2  =  20  m/s.  It  is  observed 
that  the  results  obtained  with  the  laser  light 
sheet  are  40%  higher,  when  compared  with  the 
back  light  illumination  technique.  This  is 
related  with  the  exposure  time  used,  which  was 
about  33  ms  for  the  laser  light  sheet,  and 
between  1.2  and  0.8  x  10'3  ms  for  the  back  light 
illumination.  In  addition,  the  differences 
observed  are  also  related  to  the  droplet  mist  that 
surrounds  the  “wave  crests”  (see  figure  5)  and 
which  is  not  considered  for  spray  angle 
measurements  in  the  back  light  illumination, 
and  is  obviously  accounted  for  with  the  laser 
light  sheet  technique. 


Figure  6.  Laser  light  sheet  versus  back  light 
illumination  :  a)  Ua[  =  Ua2  =  30  m/s;  b)  UaJ  =  39  m/s 
and  Ua2  =  20  m/s 

When  comparing  both  techniques,  it  is 
suggested  that  the  values  obtained  with  the  laser 
light  sheet  quantify  better  the  spray  angle,  and 
that  the  back  light  illumination  technique  is 
more  adequate  for  instability  amplitude 
measurements.  This  is  because  spray  angle 
measurements  require  some  level  of  temporal 
integration,  as  provided  by  the  laser  light  sheet 
technique. 

3.  RESULTS  AND  DISCUSSION 

The  following  paragraphs  present  and  discuss 
the  frequency  and  spray  angle  results  obtained 
by  means  of  the  techniques  discussed  above. 

Based  on  the  strobelight  measurements,  sample 
results  are  plotted  in  figure  7  as  function  of  the 
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liquid  velocity.  Figure  7a  quantifies  the  wave 
frequencies,  f,  for  Uai  =  Ua2,  while  the  results 
for  Uai  *  Ua2  are  presented  in  figure  7b.  The 
dashed  lines  define  three  distinct  regions  (A,  B 
and  C),  as  proposed  in  previous  works  of 
Chigier  and  co-workers.  Analysis  shows  that  the 
expected  wave  frequency  increases  with  the 
liquid  flow  rate  and,  in  particular,  with  the  air 


U  L  (nVs) 


velocity.  At  low  liquid  flow  rates  (region  A), 
the  energy  transferred  aerodynamically  is 
sufficient  to  make  the  sinusoidal  oscillations  to 
prevail,  resulting  in  long  wavelengths  (or  low 
frequencies). 
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Figure  7.  Wave  frequencies  as  function  of  the  liquid  velocity:  a)  Ua]  =  U^;  b)  Ual  *■  Ua2 


On  the  other  hand,  region  B  is  characterised  by 
combined  sinusoidal  and  dilatational 
oscillations  (Mansour  and  Chigier,  1991).  As 
the  liquid  flow  increases,  the  dilatational  mode 
becomes  more  and  more  important,  and  the 
frequency  still  increases  with  Ul-  However,  for 
higher  liquid  velocities,  the  sinusoidal  mode  is 
still  present,  but  the  dilatational  mode  increases 
its  relative  influence.  It  should  be  noted  that  in 
regions  A  and  B  the  oscillating  frequency  of  the 
liquid  sheet  is  highly  stable  and  the  bandwidth 
of  these  oscillations  is  very  narrow  (the 
evodence  is  that  similar  results  to  those  of 
figure  3  are  obtained). 

The  transition  to  region  C  corresponds  to  the 
onset  of  a  dominant  dilatational  mode  (Mansour 
and  Chigier,  1991).  This  region  is  characterised 
by  low  wave  amplitude  growth  rates,  and  are 
lacking  energy  to  be  transferred  to  the  liquid 
film  by  the  aerodynamic  forces.  In  region  C,  no 
dominant  frequency  was  identified.  With  the 


strobelight  it  is  no  longer  possible  to  “freeze” 
the  flow  and  the  power  spectrum  obtained  with 
the  laser  attenuation  technique  do  not  allow  the 
identification  of  a  fundamental  frequency,  due 
to  the  total  widening  of  the  bandwidth  of 
frequency  spikes. 

Figure  8  shows  measured  spray  angles  making 
use  of  the  laser  light  sheet  technique.  For  all 
operating  conditions,  regardless  the  air  velocity, 
a  region  of  maximum  spray  angle  occurs, 
followed  by  a  sharp  decrease  for  higher  values 
of  liquid  velocity.  The  maxima  of  the  spray 
angles  are  displaced  for  higher  values  of  liquid 
velocity,  with  the  maximum  value  decreasing 
with  air  flow  rate,  as  observed  before  by 
Mansour  and  Chigier  (1991)  and  Lozano  et  al 
(1996),  in  the  case  of  synmetric  co-flowing  air 
streams. 
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+  U  ,  =  U  J  =  20  m/s  0  U ,  =  U  J  =  39  m/s 


$  U  ,  =  20  m/s;  U  2  =  10  m/s 

•  U  ,  =  39  m/s;  U  2  =  20  m/s 

♦  U  ,  =  20  m/s;  U  2  =  5  m/s 

Figure  8.  Spray  angles  as  function  of  the  liquid 
velocity;  a)  UaI  =  U^;  b)  Ua)  *  Ua2 

The  present  results  show  that  for  the  region 
corresponding  to  the  sharp  decrease  of  the  spray 
angle,  a  “transition  flow”  appears  for  specific 
liquid  velocity  values.  This  transition  flow  is 
characterised  by  a  spray  angle  oscillation  in  a 
range  of  about  15  to  20  deg.  For  a  small 
increase  in  the  liquid  velocity,  very  poor 
atomisation  is  obtained  and  the  spray  angle 
assumes  very  small  values. 

Figure  9  shows  the  break-up  frequencies  and 
the  spray  angles  obtained  for  two  different  air 
flow  conditions.  It  is  observed  that  a  better 


atomisation  quality  is  obtained  in  region  A  of 
the  frequency  diagram.  The  maximum  spray 
angle  (maximum  amplitude  of  the  instabilities) 
is  obtained  in  the  region  B,  after  a  zone  of  a 
sharp  linear  increase  of  the  wave  frequency, 
were  a  “plateau”  is  observed.  For  this 
“plateau”,  the  spray  angle  slowly  decreases  up 
to  the  point  were  the  “transition  flow”  occurs 
together  with  the  transition  to  the  region  C  of 
the  frequency  diagram.  After  this  point,  the 
spray  angle  assumes  very  small  values  and  it  is 
no  longer  possible  to  measure  break-up 
frequencies  for  the  reasons  mentioned  above. 

The  analysis  of  the  results  suggests  that  the 
disintegration  of  a  planar  liquid  film,  under  the 
range  of  operating  conditions  studied,  is  mainly 
dependent  on  the  “energy”  transferred  in  the 
air-  liquid  interface,  although  the  gas-to-liquid 
momentum  ratio  is  the  dominant  parameter  in 
the  atomisation  process,  namely  under  two 
different  co-flows  of  air.  Also,  the  results  show 
a  close  relation  between  the  break-up  frequency 
and  the  corresponding  spray  angle,  the  latter 
being  dependent  on  the  exposure  time  used  with 
measuring  instrumentation. 

4.  CONCLUSIONS 

Frequency  analysis  of  the  disintegration  of  a 
planar  liquid  film  is  reported  by  means  of  strobe 
light  illumination  and  a  laser  attenuation 
technique.  The  latter  allowed  to  identify  the 
fundamental  wave  frequency  of  the  instability 
which  leads  to  break-up,  confirming  the  values 
measured  by  strobe  light  illumination  with  a 
maximum  deviation  of  3%.  When  comparing 
both  techniques,  it  is  also  possible  to  show  that 
the  oscillation  frequency  of  the  liquid  film 
before  the  disintegration,  equals  the  “release” 
frequency  of  clusters  of  ligaments  and  droplets, 
or  the  break-up  frequency. 

Two  visualisation  techniques  were  also  used  to 
quantify  the  spray  angle  and  the  amplitude  of 
instabilities  on  the  liquid  film.  Although  both 
characteristics  are  closely  related  (the  spray 
angle  directly  depends  on  the  amplitude  of  the 
instability,  which  leads  to  the  break-up), 
analysis  shows  that  the  laser  light  sheet 
technique  allows  a  more  reliable  measurement 
of  the  spray  angle,  due  to  the  higher  temporal 
integration  period  used.  The  back  light 
illumination  technique,  with  a  much  shorter 
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Figure  9.  Break-up  frequency  and  spray  angles  for  Ual  =  =  15  m/s  and  30  m/s 


exposure  time,  is  proved  to  be  more  adequate 
for  wave  amplitudes. 
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ABSTRACT 

The  instability  growth  that  causes  a  liquid 
sheet  break  up  when  it  is  subjected  to  high  velocity 
parallel  air  streams  has  been  analyzed  in  some  recent 
experimental  studies.  Most  of  them  have  been  based 
on  visual  observations  from  instantaneous  spray 
images  or  oscillation  frequency  measurements.  The 
purpose  of  this  work  is  the  study  of  the  air  field  near 
the  sheet  interfaces  to  improve  the  understanding  of 
the  air/liquid  interaction.  To  this  end,  flow 
visualization  and  particle  image  velocimetry  (PIV) 
have  been  used  to  ascertain  the  flow  structure  and  to 
obtain  two-component  velocity  maps  of  planar 
sections  of  the  air  streams. 


1.  INTRODUCTION 

Two-dimensional  liquid  sheets  are 
becoming  increasingly  popular  as  a  test  flow  to  study 
instability  growth  and  atomization  processes.  Large 
aspect  ratio  configurations  facilitate  the  study  of 
transverse  perturbations  in  regions  close  to  the 
nozzle  exit,  and  edge  effects  are  minimized.  Results 
can,  thus,  be  extrapolated  to  axisymmetric 
geometries  that  are  more  common  in  industrial 
applications.  Experiments  and  simulations  regarding 
large  aspect  ratio  sheets  have  their  earliest  precedent 
in  the  work  of  Hagerty  and  Shea  (1955),  where 
perturbations  were  introduced  by  oscillating  the 
liquid  nozzle.  In  that  analysis  the  water  sheet  was 
exiting  in  a  quiescent  atmosphere.  In  the  present 
work,  atomization  is  produced  with  the  aid  of  a  high 
speed  air  coflow,  in  a  configuration  similar  to  those 
of  Rizk  and  Lefevbre  (1980)  or  Arai  and  Hashimoto 
(1985). 

It  might  be  interesting  to  add  that  although 
initial  interest  in  the  liquid  sheet  problem  has  been 
mostly  academic,  recent  papers  describe  applications 


where  the  specific  two-dimensional  characteristics  of 
this  flow  are  especially  advantageous  (e.g.  Mansour 
et  al.  1998). 

2.  DESCRIPTION  OF  THE  EXPERIMENT 

The  design  of  the  experimental  set  up  used 
in  the  present  study  is  similar  to  that  described  in 
Mansour  and  Chigier  (1990)  and  Lozano  et  al. 
(1996).  It  differs,  however,  in  that  both  water  and  air 
nozzle  profiles  have  been  contoured  fitting  6th  order 
polynomials  to  ensure  uniform  and  parallel  air  and 
water  velocity  profiles  at  the  exit.  Water  injected  at 
the  top  of  the  nozzle  head  exits  vertically  through  a 
0.35  mm  wide  slit.  The  nozzle  has  a  23:1  contraction 
ratio.  The  span  of  the  sheet  is  80  mm,  yielding  an 
aspect  ratio  of  230.  Air  is  also  introduced  from  the 
top  following  a  settling  chamber  with  two 
honeycombs  and  a  wire  mesh  screen  to  smooth  the 
flow.  The  air  channels  located  at  both  sides  of  the 
liquid  nozzle  contraction  ratios  of  15:1  and  exit 
widths  of  3.45  mm. 

This  geometry  is  not  likely  to  provide  the 
most  efficient  atomization,  as  air  impinging  at  an 
angle  with  respect  to  the  liquid  sheet  would  probably 
produce  a  faster  break  up.  Its  simplicity,  however,  is 
an  advantage  in  order  to  be  compared  with  numerical 
simulations  and  to  identify  basic  break  up 
mechanisms.  For  the  conditions  under  study,  water 
velocities  have  ranged  from  0.6  to  6  m/s,  while  air 
velocities  have  been  varied  between  15  and  35  m/s. 

To  visualize  the  air  field  and  measure  the 
velocity  using  particle  image  velocimetry  (PIV),  one 
of  the  air  channels  has  been  seeded  with 
glycerin/water  droplets  from  a  commercial  seeder. 
To  illuminate,  a  double  cavity  Quantel  Nd:YAG 
laser  has  been  used,  capable  of  producing  6  ns,  125 
mJ  pulses  at  532  nm.  The  temporal  spacing  between 
the  pulses  has  been  adjusted  according  to  the 
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velocity  of  the  flow,  being  on  the  order  of  30  ps. 
Images  have  been  obtained  either  with  a  slow-scan 
16  bit  Princeton  Instruments  CCD  camera,  or  with  a 
cross-correlation  1000x1000  pixels  TSI  PIVCAM 
10-30  camera  with  Kodak  array.  With  the 
appropriate  TSI  synchronizer,  this  second  camera  is 
capable  of  working  in  “frame  straddling”  mode,  with 
a  minimum  temporal  delay  of  25  ps  between  each 
image  in  a  pair. 

3.  VISUALIZATION  RESULTS 

Images  have  been  acquired  for  longitudinal 
sections  of  the  flow,  perpendicular  to  the  exit  nozzle. 
Special  attention  has  been  devoted  to  the  near  field 
region,  close  to  the  nozzle,  to  study  the  triggering 
mechanisms  of  the  instabilities.  Several  fields  of 
view  have  been  imaged:  4.3  x  4.3  cm  with  a 

resolution  of  43  pm/pixel,  2  x  2.6  cm  with  a 

resolution  of  70  pm/pixel,  and  1  x  2  cm  with 

resolution  of  20  pm/pixel. 

Initial  test  images  without  water  flow  have 
been  registered  to  ensure  proper  seeding  levels  and 
air  flow  characteristics.  The  experimental  conditions 
substantially  change  when  water  is  added.  The  large 
density  difference  between  air  and  water  produces 
the  growth  of  longitudinal  perturbations.  The 

air/water  interface  interaction  results  in  a  Kelvin- 
Helmholtz  instability  which  quickly  causes  the  sheet 
break-up.  Increasing  the  air  velocity  with  respect  to 
that  of  water,  the  sheet  breaking  point  recedes  to  the 
nozzle  exit,  hindering  the  study  of  the  instability 
waves.  For  this  reason,  only  moderate  air  velocities 
have  been  considered. 

The  presence  of  the  liquid  sheet  also 
modifies  the  image  recording  process  due  to  the 
different  intensities  between  the  seeded  glycerin 
droplets  and  the  spray  droplets  from  the  atomized 
sheet.  Trying  to  increase  the  registered  signal  from 
the  air  can  cause  a  total  image  saturation  if  water 
droplets  are  present  because  they  have  much  larger 
diameters. 

It  has  to  be  noted  that  although  it  is  possible 
to  seed  both  air  channels,  the  illuminating  sheet 
becomes  so  distorted  after  crossing  the  liquid  curtain 
that  only  the  air  stream  closer  to  the  laser  source  can 
be  analyzed. 

Instantaneous  images  for  a  fixed  air  velocity 
of  15  m/s  and  decreasing  water  velocities  (0.9,  1.5 
and  2.1  m/s)  are  depicted  in  Figs.l  a),  b)  and  c). 
Figure  2  shows  similar  images  for  the  same  water 
velocity  values,  but  for  an  air  velocity  of  25  m/s.  In 
the  images,  the  water  flows  from  left  to  right 


although  in  the  experiment  it  was  moving 
downwards. 

As  has  been  reported  in  other  works,  until 
the  air/water  velocity  ratio  exceeds  a  limit,  no 
atomization  occurs.  As  air  velocity  increases,  the 
sheet  starts  oscillating,  initially  with  a  dominant 
dilatational  or  varicose  mode.  At  some  point,  the 
dominant  mode  becomes  antisymmetric,  and  when 
this  happens,  the  growth  rate  is  highly  enhanced 
resulting  in  a  quick  break-up  at  a  distance  of  a  few 
wavelengths  from  the  nozzle  exit.  The  oscillation 
frequency  increases  linearly  with  the  air  velocity, 
with  a  much  weaker  dependence  on  water  velocity. 
The  spray  angle,  however,  presents  a  relatively  sharp 
maximum  when  varying  the  water  velocity  for  a 
fixed  air  flow. 

Comparing  Figs.  1  and  2  it  can  be  noticed 
how  the  higher  air  velocity  causes  the  sheet  break  up 
to  occur  closer  to  the  nozzle  exit.  The  quick 
atomization  in  Fig.  2  originates  a  cloud  of  water 
droplets  impeding  the  visualization  of  the  glycerin 
air  markers.  For  higher  air  speeds,  not  shown  in  the 
images,  atomization  is  almost  immediate  and  more 
efficient,  resulting  in  a  spray  formed  by  smaller 
droplets. 

The  seeded  air  is  clearly  visible  in  Figs.  1  a) 
and  b).  The  mixing  layer  between  the  air  stream  and 
the  quiescent  room  air  results  in  vortical  structures 
with  scales  smaller  than  the  sheet  oscillation 
wavelength.  In  the  air/water  interfaces  no  vortical 
structures  are  clearly  discernible.  The  air  gets 
decelerated  by  the  liquid  sheet,  and  the  possible 
vortices  that  could  be  shed  from  the  splitter  plate 
seem  to  be  washed  out  by  the  water.  This  is  an 
important  point  to  clarify  the  origin  of  the  instability 
waves,  and  the  mechanisms  that  could  contribute  to 
their  growth.. 

The  water  displacements  are  followed  by 
the  air  streams.  As  the  liquid  sheet  oscillation 
amplitude  increases,  the  transverse  component  of  the 
movement  is  also  increased.  Although  the  water  is 
flowing  downwards,  under  the  effect  of  the  surface 
tension  it  moves  like  a  pendulum,  and  the  sinusoidal 
wave  degenerates  in  a  zigzag  shape  with  pointy 
edges  that  are  curved  upwards.  The  air  following  this 
movement  is  also  turned  upwards  and  separates 
creating  large  recirculation  rollers,  and  occasionally 
small  vortices  detached  from  the  sharp  vertices  of  the 
wave  (see  Lozano  et  al.  1997).  When  this  situation 
takes  place  close  to  the  nozzle  head,  the 
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Fig.  1:  liquid  sheet  images.  Air  velocity:  15  m/s.  Fig.2:  liquid  sheet  images.  Air  velocity:  25  m/s. 

Water  velocities:  0.9  m/s  (upper),  1.5  m/s)  (middle)  Water  velocities  and  field  of  view  as  in  Fig.  1 

and  2.1  m/s  (lower).  Field  of  view  4.3  x  3.2  cm.  In 
the  experiment,  the  sheet  was  flowing  downwards. 
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Fig.  3:  liquid  sheet  images.  Air  velocity:  15  m/s.  Water  velocities:  2.1  m/s  (left),  1.5  m/s)  (middle)  and  0.9  m/s 
(right).  Field  of  view  2.6  x  2  cm 


recirculation  effect  is  enhanced  by  the  presence  of 
the  plate  where  the  exit  slits  are  located,  that  partly 
blocks  the  entrance  of  room  air.  The  air  deflected 
upwards  collides  with  the  plate  and  is  reingested  by 
the  stream.  This  recirculation  zone  could  contribute 
to  the  fast  amplitude  growth  of  the  instability  waves 
and  to  the  steep  increase  in  the  spray  angle  for 
determinate  values  of  air  and  water  velocities. 

This  process  can  be  clearly  seen  in  Fig.  3 
where  again,  a  sequence  of  frames  with  decreasing 
water  velocities  (2.1  m/s,  1.5  m/s  and  0.9  m/s)  for  a 
fixed  air  speed  (15  m/s)  is  presented.  For  the  higher 
water  velocity,  the  wave  amplitude  is  small,  and  the 
air  stream  can  follow  the  oscillations  without 
problems.  For  1.5  m/s,  although  the  amplitude  is 
larger,  the  wave  maintains  its  sinusoidal  shape,  and 
the  air  is  capable  of  flowing  along  the  curve 
maximum.  When  the  velocity  reduces  to  0.9  m/s,  the 
zigzag  shape  is  apparent,  although  the  curve  vertex  is 
out  of  the  image.  The  air  stream  turns  upwards, 
generating  the  recirculation  zone. 

4.  VELOCITY  MEASUREMENTS 

The  data  set  acquired  with  higher  resolution 
has  been  used  to  study  in  more  detail  a  region 
extending  2  cm  from  the  nozzle,  that  yields  a 
resolution  of  20  pm/pixel.  Only  a  low  air  velocity, 
15  m/s,  has  been  considered,  to  increase  the  length  of 
the  intact  sheet. 

Images  have  been  acquired  in  frame 
straddling  mode,  and  analyzed  by  cross-correlation. 


A  window  32  pixels  wide  has  been  used,  with  an 
offset  of  15  pixels.  Some  results  are  shown  in  Figs.  4 
and  5  for  a  fixed  air  velocity  (15  m/s)  and  the 
following  decreasing  water  exit  velocities:  1.8  m/s 
(Fig.  4  upper),  1.5  m/s  (Fig.4  lower),  1.2  m/s  (Fig.  5 
upper)  and  1.15  m/s  (Fig.  5  lower).  Velocity  maps  in 
the  right  hand  side  of  the  figures  correspond  to  the 
images  in  the  left.  No  vectors  have  been  interpolated 
in  these  maps. 

Apparently,  no  clear  vortical  structures  can 
be  identified  in  the  air/water  interface,  which  suggest 
that  the  sheet  oscillation  is  not  imposed  by  vortex 
shedding.  Possible  influences  by  the  smaller  vortical 
structures  formed  in  the  air/air  interface  in  the  outer 
side  of  the  air  stream  do  not  seem  to  alter  the 
wavelength  or  amplitude  of  the  sheet  movement, 
although  from  the  lower  regions  of  the  images  it  can 
be  seen  how  the  entrained  room  air  can  get  directly 
in  contact  with  the  sheet.  The  influence  of  this 
entrainment  could  be  analyzed  by  varying  the  width 
of  the  air  streams. 

The  large  recirculation  zone  visible  in  Fig.  3 
appears  also  in  Fig.  5.  The  presence  of  recirculation 
structures  is  sometimes  masked  by  the  flow  mean 
velocity.  In  order  to  identify  them  more  clearly,  the 
velocity  of  the  vortex  center  should  be  subtracted. 
After  subtraction,  the  upper  velocity  map  in  Fig.  5 
transforms  into  the  one  presented  in  Fig.  6,  where  the 
recirculation  is  apparent.  Alternatively,  the  vorticity 
field  can  be  analyzed,  as  vorticity  is  galilean 
invariant.  At  present,  work  is  in  progress  to  calculate 
and  study  the  vorticity  obtained  from  the  velocity 
maps. 
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Fig.  5:  caption  explained  in  text 


Fig.  6:  velocity  map  in  Fig.  5  upper,  with  mean 
velocity  of  the  recirculation  structure  subracted 


5.  CONCLUSIONS 

The  behavior  of  the  air  streams  surrounding 
a  liquid  sheet  has  been  studied  seeding  them  with 
glycerin  droplets  and  illuminating  the  flow  with  a 
laser  sheet.  The  longitudinal  waves  formed  in  the 
water  sheet  by  Kelvin-Helmholtz  instability  have 
been  visualized  simultaneously  to  the  coflowing  air. 
Fast  acquisition  of  image  pairs  by  frame  straddling 
has  enabled  the  calculation  of  the  2-D  air  velocity 
field  by  PIV  cross  correlation. 

Small  vortical  structures  are  observed  in  the 
air/air  interface  between  the  coflowing  air  streams 
and  the  quiescent  room  atmosphere.  The  water/air 
interfaces  present  different  characteristics.  The  liquid 
sheet  which  flows  with  slower  velocity  than  the  air 
does  not  curl  in  rollers  due  to  its  much  higher 
density.  Sinusoidal  oscillations  can,  however,  be 


subjected  to  very  high  amplification  ratios  that  cause 
the  film  break  up  into  small  droplets. 

The  air  streams  follow  the  displacements  of 
the  liquid  sheet.  For  large  oscillation  amplitudes, 
which  ultimately  result  in  the  atomization,  the  liquid 
surface  is  curved  upwards,  and  the  air  is  “pushed”  by 
the  flapping  sheet.  In  these  cases,  separation  between 
the  two  layers  can  occur.  It  has  also  been  observed  in 
this  study  that  when  large  amplitude  oscillations  take 
place  close  to  the  nozzle  head,  the  concave  curvature 
of  the  sheet  forces  the  air  into  a  recirculation  bubble, 
that  might  in  turn  contribute  to  the  fast  growth  of  the 
longitudinal  instability  waves.  Work  is  in  progress  to 
calculate  the  out-of-plane  component  of  the  vorticity 
field  from  the  velocity  maps. 

As  a  final  consideration,  it  has  to  be  pointed 
out  that  to  completely  explain  the  phenomena  that 
produce  the  final  atomization  of  the  liquid  sheet,  the 
three  dimensionality  of  the  flow  has  to  be  taken  into 
account,  as  transverse  waves  also  develop  in  the 
interfaces. 
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Abstract 

In  this  study  we  consider  the  film  characteristics  of  a  sta¬ 
tionary  Taylor  bubble.  A  Taylor  bubble  is  a  large  gas  bub¬ 
ble  in  a  vertical  tube  that  spans  the  tube  diameter  and  rises 
with  a  high  speed  through  a  liquid  with  dispersed  gas  bub¬ 
bles.  There  are  three  gas  fluxes  into  and  out  of  the  Taylor 
bubble.  The  entrainment  flux,  by  which  small  gas  bubbles 
are  torn  of  the  bottom  of  the  Taylor  bubble,  is  not  yet  fully 
understood.  According  to  Delfos  (1996)  fluctuations  in  the 
thickness  of  the  liquid  film  surrounding  the  Taylor  bubble 
play  a  dominant  role  in  this  entrainment  process.  The  ob¬ 
jective  of  the  present  study  is  to  measure  the  characteris¬ 
tics  of  the  falling  film  and  based  on  these  data  validate  the 
model  of  Delfos  (1996). 

The  experiment  is  carried  out  in  a  set-up  in  which  a  Tay¬ 
lor  bubble  is  kept  at  a  fixed  position  in  a  downward  water 
flow  in  vertical  tube  with  a  diameter  Di  =100  mm.  To 
measure  the  film  thickness,  we  developed  a  Laser  Induced 
Fluorescence  (LIF)  technique,  which  allows  us  to  measure 
the  instantaneous  film  thickness  with  an  accuracy  of  0.1 
mm. 

The  film  along  the  initial  part  of  the  Taylor  bubble  agrees 
with  the  results  for  a  laminar  film  falling  along  a  vertical 
wall.  At  a  Taylor  bubble  length  of  about  0. 7  m,  the  lami¬ 
nar  flow  inside  the  film  changes  into  turbulence.  The  mean 
film  thickness  then  should  grow  at  a  different  rate  which  is 
confirmed  by  the  experiments.  As  soon  as  the  film  becomes 
turbulent  the  surface  of  the  film  exhibits  undulations,  which 
can  be  considered  as  footprints  of  the  turbulent  eddies.  In 
accord  with  the  hypothesis  of  Delfos  (1996)  the  entrain¬ 
ment  process  starts  as  soon  as  these  undulations  appear. 
For  small  Taylor  bubbles  (Di  <  10,)  the  entrainment  model 
of  Delfos  agrees  reasonably  well  with  our  observations.  For 
large  Taylor  bubbles  (Di  >10,)  the  model  seems  to  overes¬ 
timate  entrainment. 

1  Introduction 

Liquid-gas  flow  in  a  vertical  pipe  is  one  of  the  fundamental 
flow  categories  in  the  field  of  two-phase  flow.  Depending 
on  the  flow  rates  of  the  gas  and  liquid,  the  flow  patterns  in 
this  case  can  differ  considerably.  One  of  these  flow  patterns 
is  slug  flow. 

A  slug  flow  is  characterised  by  a  liquid  flow  in  combina¬ 
tion  with  a  series  of  large  axi-symmetric  bullet-shaped  gas 
bubbles,  so-called  Taylor  bubbles.  These  bubbles  occupy 


most  of  the  cross-section  of  the  pipe  and  move  upward  with 
a  constant  speed.  Between  the  Taylor  bubble  and  the  tube 
wall  the  liquid  flows  downwards  as  a  thin  free-falling  film. 
The  Taylor  bubbles  are  separated  by  regions  of  continuous 
liquid  phase  which  contain  small  gas  bubbles.  These  re¬ 
gions  are  denoted  as  liquid  slugs.  A  schematic  picture  of  a 
vertical  slug  flow  is  given  in  Fig.  1. 

Vertical  slug  flow  is  encountered  in  many  industrial  two- 
phase  flow  applications.  For  instance  it  occurs  during  oil 
production  and  in  various  process  equipment.  The  strongly 
in-stationary  flow  conditions  during  slug  flow  may  have  a 
large  mechanical  impact  on  the  equipment  in  which  this 
flow  occurs.  For  industrial  applications  it  is  therefore  im¬ 
portant  to  determine  the  conditions  for  which  slug  flow  can 
appear.  A  required  parameter  to  predict  this,  is  the  void 
fraction,  the  fraction  of  gas,  in  the  liquid  slug.  To  predict 
the  void  fraction  various  models  have  been  proposed.  For 
a  review  see  Fabre  &  Line  (1994). 


Figure  1:  A  schematic  picture  of  slug  flow  in  a  vertical  tube. 
U tb,  Uf,Usl  are  respectively  the  Taylor  bubble  velocity,  the  film 
velocity  and  the  superficial  liquid  velocity. 

In  their  model,  based  on  a  description  in  terms  of  a  slug 
cell,  Fernandes  et  al.  (1983)  predict  the  void  fraction  in 
the  liquid  slug  by  considering  the  gas  fluxes  into  and  out 
of  the  Taylor  bubble,  as  indicated  in  Fig.  1.  As  the  liquid 
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flows  around  the  nose  of  the  Taylor  bubble  it  deforms  into 
a  film  too  thin  to  accommodate  the  bubbles  carried  within 
the  liquid  slug.  As  a  result  bubbles  coalesce  with  the  nose 
of  the  Taylor  bubble,  which  results  in  a  gas  flow  rate  into 
the  Taylor  bubble.  At  the  bottom  of  the  Taylor  bubble 
small  bubbles  are  torn  off  due  to  the  falling  film  which 
plunges  into  the  liquid  slug.  This  gas  flow  rate  out  of  the 
Taylor  bubble  is  indicated  as  the  entrainment  flux.  A  part 
of  these  entrained  gas  bubbles  re-coalesces  back  into  the 
Taylor  bubble  at  its  trailing  edge,  which  results  in  a  re- 
coalescence  flux.  For  a  stationary  Taylor  bubble  these  gas 
fluxes  are  in  balance. 

The  detailed  mechanisms  behind  entrainment  and  re¬ 
coalescence  axe  not  yet  fully  understood  (Dukler  &  Fabre, 
1991).  In  particular  the  mechanism  by  which  small  bub¬ 
bles  are  torn  off  from  the  Taylor  bubble,  i.e.  the  entrain¬ 
ment  process,  remains  unclear.  Delfos  (1996)  has  suggested 
that  the  entrainment  occurs  due  to  the  fact  that  the  liq¬ 
uid  interface  at  the  bottom  of  the  Taylor  bubble  is  not 
able  to  follow  the  variations  in  thickness  of  the  downward 
falling  liquid  film.  Based  on  this  hypothesis  he  has  pro¬ 
posed  a  model  for  the  entrainment  flux.  Given  the  un¬ 
certainties  in  the  entrainment  process  and  the  role  of  the 
falling  liquid  film  in  this  process,  our  objective  here  is  to 
measure  the  characteristics  of  this  falling  film.  In  particu¬ 
lar  the  mean  film  thickness,  film  thickness  fluctuations  and 
intermittency.  For  this  purpose  we  developed  a  method 
to  measure  the  film  thickness  based  on  a  Laser  Induced 
Fluorescence  (LIF)  technique. 

In  the  present  paper  some  theory  of  the  falling  film  is 
explained  in  section  2.  The  experimental  set-up  as  well 
as  the  measurement  method  are  described  in  section  3. 
Finally  results  are  presented  and  conclusions  are  drawn. 


2.1  The  falling  film 

Let  us  consider  the  falling  film  surrounding  the  Taylor  bub¬ 
ble  in  a  frame  where  the  Taylor  bubble  is  fixed.  Within  this 
reference  frame  the  film  flows  downward  and  it  behaves  as 
a  free-falling  film,  i.e.  the  shear  across  the  interface  be¬ 
tween  film  and  bubble  is  assumed  to  be  negligible.  For  a 
thin  film  (hf  <C  D)  we  can  approximate  this  case  as  a  two- 
dimensional  film  flowing  along  a  flat  vertical  plate.  In  the 
simplest  case  of  a  free-falling,  laminar  film  without  fric¬ 
tion  on  the  wall,  the  velocity  profile  will  be  uniform.  As 
a  result  of  conservation  of  mass,  the  downward  liquid  flow 
rate  must  be  constant  at  each  position  along  the  vertical 
pipe.  This  implies  that  the  liquid  flow  rate  above  the  fixed 
Taylor  bubble  must  be  equal  to  the  liquid  flow  rate  in  the 
falling  film: 

jD2Ulexp  =1(D2-[D-  2 hf(z)]2)  Uf{z)  (4) 

*'«■>- f  {'-f-W)  (5) 

where  h/(z)  is  the  mean  film  thickness  and  Uf(z )  the  mean 
film  velocity.  The  z  denotes  the  axial  position  (taken  pos¬ 
itive  downwards)  along  the  pipe  where  the  origin  of  z  is 
chosen  at  the  top  of  the  Taylor  bubble. 

The  velocity  of  a  free-falling  film  in  our  reference  frame 
reads 

Uf(z)  =  (6) 

If  we  take  friction  with  the  wall  into  account,  a  laminar 
boundary  layer  will  develop  on  the  wall.  The  boundary- 
layer  thickness  for  the  case  of  a  two-dimensional  accelerat¬ 
ing  laminar  flow  reads  (Delfos  1996,  Appendix  A): 


2  Theory 

In  preparation  for  the  analysis  of  our  experimental  data,  we 
concentrate  in  this  section  on  some  theoretical  aspects  of 
a  Taylor  bubble.  Using  potential  flow,  Dumitrescu  (1943) 
has  calculated  the  shape  of  a  Taylor  bubble.  He  finds  for 
the  radius  of  curvature  Rn  at  the  nose  of  the  bubble 

Rn  =  0.375 D  (1) 

where  D  is  the  diameter  of  the  pipe  in  which  the  Taylor 
bubble  rises.  The  liquid  layer  alongside  the  Taylor  bubble 
far  from  its  nose  is  sufficiently  thin  to  be  described  as  a 
falling  film.  Based  on  this  result  the  shape  of  the  Taylor 
bubble  below  the  nose  can  be  calculated. 

The  rise  velocity  of  the  Taylor  bubble  is  given  by  Nicklin 
(1962)  as 

Utb  =  1.2Usi  +  O.Z5y/gD  (2) 

where  Usi  is  the  superficial  liquid  velocity.  In  our  exper¬ 
iment,  to  be  described  in  section  3,  we  consider  a  Taylor 
bubble  kept  at  a  fixed  position  by  a  downward  liquid  flow. 
According  to  (2)  the  downward  velocity  of  this  liquid  flow 
is  equal  to 

UuxP  =  0.2Usi  +  0.35V/S^  (3) 


S(z)  =  3.41 


with  v  the  kinematic  viscosity  of  the  liquid.  The  acceler¬ 
ating  boundary  layer  causes  a  non-uniform  velocity  profile 
within  the  film.  As  a  consequence  we  have  to  correct  the 
free-falling  film  thickness  (5)  by  adding  to  hf  the  displace¬ 
ment  thickness  <5*  due  to  the  boundary  layer  (Delfos  1996, 
Appendix  A),  given  by 


<T  «  0.252  5  (7) 

A  final  point  to  consider  is  the  transition  from  laminar 
to  turbulent  flow  inside  the  liquid  film.  In  our  experiment 
with  Re  =  4C/^fc/  =  3.8  ■  104  this  transition  takes  place  at 
about  0.5  m  from  the  nose  of  the  Taylor  bubble.  When 
the  turbulent  flow  is  fully  developed  across  the  whole  film, 
the  film  should  reach  a  stationary  thickness.  The  friction 
factor  for  such  a  fully  developed  turbulent  film  has  been 
measured  by  Belkin  (1959).  Based  on  a  balance  between 
the  friction  at  the  wall  and  the  gravity  force,  the  stationary 
film  thickness  can  be  computed.  For  our  Reynolds  number 
this  results  in  a  film  thickness  of  3.0  mm. 
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2.2  The  entrainment  flux 

Delfos  (1996)  suggests  that  the  entrainment  flux,  the  gas 
flow  out  of  the  Taylor  bubble  into  the  liquid  slug,  occurs 
due  to  disturbances  on  the  surface  of  the  falling  film  along 
the  Taylor  bubble. 

The  proposed  mechanism  for  entrainment  is  now  the  fol¬ 
lowing:  The  falling  film  along  the  Taylor  bubble  becomes 
turbulent  at  a  certain  Taylor  bubble  length,  Lonset  •  The 
turbulent  eddies  in  the  film  then  deform  the  film  surface. 
Due  to  these  surface  disturbances,  advected  by  the  film 
flow,  the  free  surface  at  the  bottom  of  the  Taylor  bub¬ 
ble  sees,  so  to  speak,  a  transversely  oscillating  wall.  The 
transverse  acceleration  of  this  oscillation  is  proportional 
with  the  rate  j$-,  with  hw  the  amplitude  of  the  wave  and 
A  the  wave  length  of  the  wave.  When  this  acceleration  at 
becomes  much  larger  then  the  gravitational  acceleration  g, 
the  pool  surface  is  not  able  to  follow  these  oscillations  (dis¬ 
turbances)  of  the  incoming  film  flow  (Delfos,  1996).  As  a 
result  an  air  gap  is  generated  between  the  vertically  falling 
film  and  the  liquid  slug  at  the  bottom  of  the  Taylor  bubble. 
This  gap  may  be  closed  by  crest  of  the  next  disturbance 
and  as  a  result  air  is  trapped  inside  the  liquid.  The  en¬ 
trained  gas  is  then  approximately  equal  to  the  volume  of 
air  enclosed  between  the  crests  of  the  disturbances. 

To  come  to  an  expression  for  the  entrainment  flux  we 
have  to  make  some  assumptions.  First  we  assume  that 
the  disturbances  are  sinusoidal  waves.  Further  more  we 
suppose  that  the  velocity  of  the  waves  is  approximately 
equal  to  the  bulk  velocity.  Finally  we  assume  that  the 
disturbances  on  the  surface  occur  intermittently  with  an 
intermittency  factor,  J,  which  can  be  interpreted  as  the 
percentage  of  Taylor  bubble  circumference  on  which  dis¬ 
turbances  occur.  The  model  for  the  entrainment  flux  then 
becomes 

Qent(z)  —  In(Di  -  2hf(z))Uf(z)hw{z)  (8) 

To  calculate  the  entrainment  flux  we  need  to  measure 
the  mean  film  thickness,  the  intermittency,  the  film  velocity 
and  the  amplitude  of  the  waves  on  the  surface  of  the  liquid 
film. 

3  Experiment 

3.1  Experimental  set-up 

The  details  of  the  experimental  set-up  that  we  have  used, 
axe  described  by  Delfos  (1996).  Here  we  will  summarise 
only  the  main  characteristics.  A  schematic  layout  of  the 
experimental  set-up  is  illustrated  in  Fig.  2.  It  consists  of 
a  vertical,  cylindrical  pipe  made  out  of  perspex  and  with 
an  inner  diameter  D,  =  100  mm.  In  this  tube,  a  Taylor 
bubble  is  generated  by  an  injection  of  air  through  a  small 
tube  with  diameter  Dt.  At  the  end  of  this  tube  a  spherical 
cap  is  attached.  The  purpose  of  this  spherical  cap  is  to 
stabilise  the  bubble  in  the  centre  of  the  main  vertical  pipe. 
The  radius  of  curvature  of  this  cap  is  the  same  as  that  of 
the  nose  of  a  theoretical  Taylor  bubble  as  given  in  (1). 

The  bubble  is  kept  at  a  fixed  position  by  a  water  flow 
moving  downward  with  a  velocity  equal  to  Uiexp  given  by 
(3).  Above  the  Taylor  bubble  a  flow  straightener,  made 


Figure  2:  A  schematic  drawing  of  the  experimental  set-up.  Dt 
is  the  external  diameter  of  the  gas  injection  tube. 

out  of  honeycomb  material,  is  placed  to  obtain  a  uniform 
velocity  profile.  Such  a  profile  is  representative  for  flow 
conditions  encountered  by  a  rising  Taylor  bubble  in  a  stag¬ 
nant  liquid.  Apart  from  creation  of  a  flat  velocity  profile, 
the  flow  straightener  also  decreases  the  turbulence  inten¬ 
sity  in  the  flow  in  front  of  the  Taylor  bubble. 

The  part  of  the  pipe  where  the  Taylor  bubble  can  be 
observed,  is  called  the  test  section.  The  test  section  is 
enclosed  by  a  rectangular,  water-filled,  box  to  provide  a 
good  optical  access. 

3.2  The  LIF-technique  to  measure  film 
thickness 

The  measurement  of  film  thickness  has  to  be  performed 
without  disturbing  the  flow,  since  a  disturbance  can  change 
the  behaviour  of  the  film,  e.g.  it  can  promote  transition 
from  laminar  to  turbulent  flow.  In  this  experiment  we  have 
chosen  to  measure  the  film  thickness  with  a  Laser  Induced 
Fluorescence  (LIF)  technique  (Hewitt,  1964).  This  method 
allows  instantaneous  observation  of  the  film  thickness  at  a 
given  position  and  as  a  function  of  time.  From  these  mea¬ 
surements  statistical  information,  such  as  the  mean  and 
variance  of  the  film  thickness,  can  be  obtained. 

The  principle  of  this  LIF-technique  is  illustrated  in 
Fig.  3.  Blue  light  (A l  =  488  nm)  from  an  Argon-ion  laser 
illuminates  via  a  small  circular  mirror,  Dm  =  3  mm,  the 
liquid  film,  which  contains  a  constant  concentration  of  a 
fluorescent  dye,  Uranine  AP,  [CwHuNaiO^.  When  the 
dye  is  excited  by  the  incident  beam,  a  green  fluorescence 
(Af  =  515  nm)  results.  This  green  light  is  observed  by  an 
optical  system  which  is  positioned  at  the  same  side  of  the 
pipe  as  the  incoming  blue  laser  light.  After  passing  a  colli¬ 
mating  lens,  the  fluorescent  light  is  first  separated  from  the 
reflected  blue  light  by  a  bandpass  filter  (XM-535  Corion). 
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Liquid  film 


Figure  3:  Schematic  figure  of  film  thickness  measurement  with 
the  Laser  Induced  Fluorescence  technique. 


Subsequently,  it  is  focused  on  a  photo-diode  by  means  of  a 
second  lens.  The  signal  of  photo-diode  is  proportional  to 
the  intensity  of  the  fluorescent  light. 

The  intensity  of  the  fluorescent  light  depends  on  the  in¬ 
tensity  of  the  incoming  blue  light  Jo,  the  concentration  of 
the  dye  C,  the  film  thickness  hf  (i.e.  the  light  path  through 
the  fluorescence  solution)  and  the  properties  of  the  detec¬ 
tor.  The  relation  reads  (Guilbault,  1973) 

If  =  k1I0{l-e-k2Ch')  (9) 

where  ki  and  are  material  properties.  During  the  ex¬ 
periment  the  concentration  of  the  fluorescent  dye  and  the 
intensity  of  the  incoming  laser  light  are  kept  constant.  The 
measured  intensity  of  fluorescence  can  thus  directly  be  in¬ 
terpreted  as  a  measure  for  the  film  thickness. 

For  sufficiently  dilute  solutions  and  small  film  thick¬ 
nesses,  (9)  can  be  simplified  to  the  following  relationship 

I}  «  hkiloChf  -  ifc1fciJ0C'2h/  (10) 

where  the  non-linear  second  term  is  called  the  inner-cell  ef¬ 
fect  (Guilbault,  1973).  Its  explanation  is  that  the  portion 
of  fluorescence  solution  nearest  to  the  light  source  absorbs 
radiation,  so  that  less  is  available  for  the  rest  of  the  so¬ 
lution.  The  dye  concentration  is  C  —  1.10-3  gl-1.  It  is 
chosen  such  that  the  fluorescence  intensity  is  sufficiently 
high  for  the  photo  diode  to  detect,  but  sufficiently  low  to 
avoid  the  inner-cell  effect. 

The  relationship  (10)  must  follow  from  a  separate  cali¬ 
bration  procedure  in  which  the  intensity  of  fluorescence  is 
determined  for  a  set  of  given  film  thicknesses.  For  this 
we  have  designed  a  special  calibration  set-up,  which  is 
shown  schematically  in  Fig.  4.  It  consists  of  a  rectangu¬ 
lar  container,  made  out  of  perspex,  which  is  filled  with 
the  fluorescent  solution.  In  this  container  a  ladder-shaped 
perspex  beam  with  holes  is  placed  on  the  bottom.  The 
holes  are  closed  on  the  bottom  side  with  thin  glass  plates 
(dg  =  0.2  mm).  These  thin  glass  plates  replace  the  free 
surface  (water-air)  in  the  experiment  (during  calibration 
we  correct  for  the  fact  that  this  surface  reflects  about  2 


Figure  4:  Schematic  side-view  of  the  calibration  set-up. 


%  more  than  an  air- water  interface).  Between  these  thin 
glass  plates  and  the  bottom  of  the  container  a  range  of  liq¬ 
uid  layers  with  well-defined  thicknesses  are  present.  The 
bottom  of  the  container  consist  of  two  perspex  walls  with 
a  water  layer  in  between,  to  imitate  the  construction  of  the 
test  section  in  the  experiment.  The  distance  between  the 
laser  and  the  liquid  layers  is  taken  the  same  as  in  the  ex¬ 
periment.  During  the  calibration,  the  fluorescent  solution 
is  circulated  by  a  pump  to  prevent  photo  decomposition 
(Guilbault,  1973)  of  the  dye.  The  calibration  procedure 
now  consist  of  measuring  the  thickness  of  the  liquid  layers 
by  means  of  the  LIF-technique.  The  voltage  of  the  photo¬ 
diode  (which  measures  the  fluorescence  intensity)  is  found 
to  fluctuate  during  the  calibration  measurement.  These 
fluctuations  occur  since  the  laser  itself  fluctuates  with  50Hz 
and  its  harmonics.  The  intensity  of  this  ripple  is  2  %  of 
the  total  measured  intensity  at  a  given  film  height.  These 
Nx50Hz  fluctuations  are  deleted  during  signal  processing  . 
The  error  in  the  calibration  voltage  is  the  sum  of  the  inac¬ 
curacy  in  the  thickness  of  the  liquid  layer  (~  0.02  mm)  and 
the  error  in  the  curve  fitted  to  the  calibration  data  (which 
is  3  %).  For  a  typical  film  thickness  of  3  mm  this  leads 
to  an  error  of  about  0.1  mm.  An  example  of  a  calibration 
curve  is  shown  in  Fig.  5.  The  curve  is  almost  linear  which 
confirms  that  the  inner-cell  effect  is  small. 


Figure  5:  The  calibration  curve,  which  gives  the  relation  be¬ 
tween  the  film  thickness  and  the  voltage  of  the  photo-diode  (i.e. 
the  fluorescence  intensity). 
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After  calibration  the  laser  and  detector  are  mounted  on  a 
traversing  system  along  the  test-section,  so  that  we  could 
measure  the  film  thickness  at  different  points  along  the 
Taylor  bubble.  At  every  measuring  point  the  intensity  of 
fluorescence  is  sampled  during  15  seconds  with  at  a  fre¬ 
quency  of  4000  Hz. 

3.3  Determination  of  intermittency  and  wave 
height 

To  determine  the  intermittency  and  wave  height,  we  have 
to  look  at  the  continuous  film  thickness  signal.  An  example 
of  such  a  signal  at  a  Taylor  bubble  length  of  0.7  m,  where 
the  film  is  already  turbulent  and  entrainment  occurs,  is 
shown  in  Fig.  6. 


Original  signal  - 

Local  standard  deviation  obtained  by  VITA  - 

Threshold  value  —  - 


Figure  7:  Definition  of  the  intermittency  with  the  VTTA- 
technique.  Tj  is  the  time  that  disturbances  on  the  film  surface 
are  present  and  Ttot  is  the  total  time  interval. 


crw ,  is  now  obtained  from  the  standard  deviation  of  the  fil¬ 
tered  film  thickness  signal  crtot  corrected  for  intermittency. 
This  leads  to  the  following  expression 


_2  &tot  —  (1  —  iWo 

&W  -  r 


(11) 


where  op  is  the  standard  deviation  of  the  signal  without 
waves  (noise) .  If  we  assume  that  the  disturbances  are  si¬ 
nusoidal  waves,  the  wave  height  becomes 


Figure  6:  An  example  of  the  continuous  film  thickness  signal  at 
a  Taylor  bubble  length  of  0.7  m  (in  a  wavy  part). 

In  this  figure  we  see  two  kind  of  waves.  Very  large  waves, 
A  ss  0  38  m  and  hw  «  1.0  mm  and  small  waves,  A  w  6  mm 
and  hw  w  0.5  mm.  In  the  power  spectrum  we  find  the  large 
waves  at  a  frequency  of  about  10  Hz  and  the  small  waves 
about  200  Hz.  The  criterion  for  entrainment,  j»l,  can 
in  our  case  only  be  satisfied  if  the  rate  0.03  m-1.  The 

large  waves  do  not  conform  to  this  requirement.  Thus,  to 
determine  the  relevant  wave  height  and  intermittency  for 
the  entrainment,  the  film  signal  is  filtered  by  a  high  pass 
filter  with  a  cut  off  frequency  of  30  Hz. 

The  intermittency,  which  in  our  case  is  defined  as  the 
percentage  of  time  that  waves  occur  on  the  film  surface, 
is  computed  by  applying  the  VITA-technique  (Johansson, 
1983).  In  the  VITA  technique,  shown  in  Fig.  7,  the  (local) 
standard  deviation  is  calculated  for  small  time  intervals  of 
the  signal  (in  our  case  2.5  msec).  The  time  period  that 
this  local  standard  deviation  exceeds  a  threshold  value,  is 
then  defined  as  the  time  interval  which  is  the  time  pe¬ 
riod  that  waves  due  to  turbulence  are  present  on  the  film 
interface.  The  threshold  value  is  found  by  taking  the  mean 
local  standard  deviation  of  a  known  smooth  surface  (the 
case  of  a  laminar  film).  In  our  experiment  the  threshold 
value  is  0.09  V,  which  is  0.1  mm  at  a  mean  film  thickness 
of  3  mm.  The  intermittency  is  then  obtained  as  the  ratio 
between  Td  and  the  total  time  interval,  Ttot- 

The  standard  deviation  of  the  interface  disturbances, 


hw  «  V2  aw .  (12) 

4  Results 

4.1  Mean  film  thickness 

In  Fig.  8  we  give  the  measured  mean  film  thickness  as  func¬ 
tion  of  the  distance  from  the  Taylor-bubble  front.  These 
data  have  been  obtained  with  a  gas  influx  Qco  =  0.36  Is-1 
and  a  downward  liquid  velocity  of  Uiexp  =  0.35  ms-1.  The 
film  thickness  profile  is  only  given  for  this  particular  case 
of  the  gas  influx,  because  the  profile  is  independent  of  the 
incoming  gas  flux. 


Figure  8:  The  measured  film  thickness  at  Qg  =  0.36  Is-1  and 
Uiexp  =  0.35  ms-1  compared  with  the  models  for  a  free-falling 
laminar  liquid  film  with  and  without  friction. 
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In  Fig.  8  we  also  show  the  theoretical  results  for  the 
thickness  of  a  free-falling  film  with  and  without  friction 
as  discussed  in  section  2.1.  We  find  that  the  measured 
film  thickness  agrees  rather  well  with  the  theoretical  film 
thickness  for  the  case  of  a  laminar  free-falling  film  with 
friction  until  a  bubble  length  of  about  0.7  m.  The  dif¬ 
ference  between  the  measurements  and  the  friction  model 
after  this  point  is  probably  caused  by  the  development  of 
turbulence.  The  turbulent  friction  at  the  wall  causes  a 
decrease  of  the  mean  velocity  in  the  film  which  results  in 
thicker  film.  Eventually  the  film  thickness  seems  to  reach 
a  constant  value  of  ±  3  mm.  which  is  in  agreement  with 
the  stationary  turbulent  film  thickness  determined  from 
the  empirical  correlation  of  Belkin  (1959). 

4.2  Intermittency  distribution  and  wave 
height 

The  intermittency  distribution  along  the  Taylor  bubble, 
determined  as  described  in  section  3.3,  is  shown  in  Fig.  9. 
From  our  measurements  we  see  that  the  intermittency  is 
zero  until  the  bubble  reaches  a  length  of  about  0.5  m.  This 
point  is  called  ’the  onset  of  entrainment’  and  we  interpret 
this  as  the  transition  point.  Beyond  this  point  the  inter¬ 
mittency  grows  rapidly  to  1  at  about  1  m. 


Taylor  bubble  length  [cm] 


Figure  9:  Measured  intermittency  distribution  along  the  Taylor 
bubble  at  Uiexp  =  0.35  ms-1  compared  with  the  model  by  John¬ 
son  (1994)  for  intermittency  distribution  in  a  boundary  layer  on 
a  flat  plate. 

In  the  same  figure  the  intermittency  of  the  surface  of  the 
falling  film  is  compared  with  a  model  for  the  intermittency 
distribution  in  a  boundary  layer  during  transition.  In  this 
latter  case  the  intermittency  is  equal  to  the  percentage 
of  time  that  turbulent  spots  occur  in  the  boundary  layer 
(Johnson  &  Fashifar,  1994).  Their  model  agrees  well  with 
our  measurements,  which  is  consistent  with  our  hypothesis 
that  the  disturbances  are  caused  by  turbulence. 

The  wave  height  of  the  disturbances  on  the  falling-film 
surface,  computed  according  to  (11)  and  (12)  is  shown  in 
Fig.  10.  The  wave  height  increases  from  ’the  onset  of 
entrainment  point’  at  about  0.5  m  till  a  height  of  about 
0.55  mm  at  a  Taylor  bubble  length  of  1.4  m.  From  the 
trend  in  the  data  shown  in  this  figure,  it  seems  that  the 
wave  height  will  increase  even  more  after  this  length. 


Figure  10:  The  wave  height  of  the  waves  on  the  surface  of  the 
falling  liquid  film. 

4.3  Derivation  of  the  entrainment  flux 

We  finally  calculate  the  entrainment  flux.  For  this  we  need 
an  estimate  for  all  the  parameters  in  (8)  which  are  respec¬ 
tively  the  mean  film  velocity  Uf,  the  mean  film  height  hf, 
the  intermittency  I  and  the  height  of  the  waves  on  the 
falling  film  surface  hw.  Apart  from  the  mean  film  veloc¬ 
ity,  these  parameters  can  all  be  obtained  directly  from  our 
measurements.  The  remaining  parameter,  i.e.  the  mean 
film  velocity,  is  calculated  with  help  of  the  measured  film 
thickness  by  means  of  conservation  of  mass  given  by  (5). 

In  Fig.  11  we  give  the  entrainment  flux,  Qent  obtained 
from  (8)  as  a  function  of  the  bubble  length.  In  the  same 
figure  we  also  show  the  incoming  gas  flux  at  the  top  of  the 
Taylor  bubble,  which  is  equal  to  the  entrainment  flux  if  we 
neglect  the  re-coalescence  flux. 


Figure  11:  The  modelled  entrainment  flux  compared  with  the 
gas  influx  at  Uiexp=  0.35  ms-1 

The  results  in  Fig.  11  show  that  for  bubble  lengths 
smaller  than  0.9  m  the  theoretical  model  slightly  under¬ 
estimates  the  observational  value.  Given  the  various  as¬ 
sumptions  made  in  our  theoretical  model  we  consider  this 
agreement  to  be  a  confirmation  of  our  entrainment  hypoth¬ 
esis,  i.e.  entrainment  is  caused  by  disturbances  on  the  free- 
falling  film  surface.  After  the  Taylor  bubble  has  reached  a 
length  of  1.0  m,  the  entrainment  according  to  the  theoret¬ 
ical  result  (8)  still  increases,  while  the  entrainment  based 
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on  the  incoming  gas  flux  reaches  a  maximum  value.  This 
behaviour  suggest  that  our  entrainment  model,  where  all 
air  in  between  the  disturbances  on  the  film  surface  is  en¬ 
trained  in  the  slug  flow,  might  no  longer  be  valid  for  large 
Taylor  bubbles.  Further  study  for  this  particular  case  is 
therefore  warranted. 

5  Conclusions 

Based  on  the  results  presented  in  this  study  we  can  draw 
the  following  conclusions 

•  We  have  applied  a  technique  to  measure  the  film  thick¬ 
ness  based  on  Laser  Induced  Fluorescence  and  found 
the  results  to  be  reliable.  The  film  thickness  can  be 
measured  within  an  accuracy  of  0.1  mm. 

•  The  measured  mean  film  thickness  along  a  station¬ 
ary  Taylor  bubble  agrees  with  the  model  for  a  lami¬ 
nar  free-falling  film  with  friction  on  the  wall  until  the 
Taylor  bubble  reaches  a  length  of  0.7  m.  After  this 
bubble  length  the  change  of  slope  in  the  film-thickness 
curve  indicates  that  there  is  a  transition  from  laminar 
to  turbulent  flow  in  the  liquid  film.  From  a  length  of 
0.9  m  the  film  thickness  increases  slowly  to  a  constant 
thickness  of  3  mm,  which  agrees  with  the  stationary 
film  thickness  determined  with  the  empirical  correla¬ 
tion  of  Belkin  (1959). 

•  The  film  surface  changes  from  smooth  to  rough  at 
a  Taylor  bubble  length  of  0.5  m.  As  soon  as  the  film 
surface  becomes  rough  entrainment  is  observed,  which 
is  in  agreement  with  the  hypothesis  of  Delfos  (1996) 
that  disturbances  on  the  film  surface  are  responsible 
for  entrainment.  The  area  of  the  film  surface  cov¬ 
ered  by  disturbances  grows  as  function  of  the  bubble 
length.  This  is  described  by  the  intermittency  which 
increases  from  a  value  0  at  a  bubble  length  of  0.5  m 
to  1  at  a  length  of  1.2  m. 

•  The  simple  model  for  the  entrainment  flux  (Delfos, 
1996)  is  found  to  be  in  reasonable  agreement  with 
observations  for  Taylor-bubble  lengths  smaller  them 
1  m.  For  larger  Taylor  bubble  lengths,  i.e.  above  1 
m,  the  model  for  the  entrainment  flux  shows  a  trend 
which  is  not  in  agreement  with  the  experimental  data. 
Further  study  is  therefore  needed. 
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ABSTRACT: 

An  experimental  study  of  the  two-phase  flow  downstream 
a  confined  bluff  body  is  presented  in  this  paper.  This  situation 
is  interesting  for  the  development  of  gas-solid  flow  turbulence 
closures.  Measurements  are  made  with  a  phase  Doppler 
anemometer.  Glass  beads  are  added  to  the  inner  jet.  The  initial 
particle  size  distribution  covers  a  wide  range  of  size  classes 
from  20  pm  to  110  pm  with  a  mean  value  of  60  pm.  The 
single  phase  configuration  is  chosen  to  establish  a  stagnation 
point  in  the  recirculating  region.  This  configuration 
emphasises  the  role  of  the  inertia  of  the  particles.  This  study 
shows  particularly  well  that  one  has  to  write  and  solve 
transport  equations  for  the  fluctuating  velocity  of  the  particles 
and  that  no  local  equilibrium  with  the  fluid  turbulence  can  be 
assumed.  In  particular,  production  and  transport  effects  are 
clearly  observed.  Contrasted  mass-loading  ratio  of  the  inner 
jet  ranging  from  22  %  to  1 10  %  are  selected  in  order  to  show 
the  two-way  coupling  between  continuous  and  discrete 
phases.  We  show  that  it  has  a  noticeable  effect  on  the 
organisation  of  the  flow  downstream  the  bluff  body  and  on 
the  spatial  distribution  of  the  particulate  phase. 


1.  INTRODUCTION 

Particle-laden  gas  flows  are  common  in  the  industry  and 
receive  presently  a  lot  of  attention  in  the  laboratories. 
Significant  efforts  are  developed  to  improve  numerical 
predictions  of  engineering  complex  situations  with 
Lagrangian  (Berlemont,  Desjonqueres,  and  Gouesbet  1990) 
or  Eulerian  (Elgobashi  and  Abou-Arab  1983;  Simonin  1991) 
predictions.  Owing  to  the  large  number  of  new  dimensionless 
parameters  involved  when  one  adds  particles  in  a  flow, 
development  of  turbulence  models  require  a  large  amount  of 
accurate  experimental  data  in  basic  homogeneous  or 
inhomogeneous  flows. 

Laser  based  measurements  now  provide  insight  into 
dispersed  two-phase  flows.  A  large  number  of  basic 
experiments  are  reported  in  channel  flows  (Kulick,  Fessler, 
and  Eaton  1994)  ,  boundary  layer  flows  (Rogers  and  Eaton 
1991)  and  in  simple  free  shear  flows  as  shear  layers  (Hishida, 
Ando,  and  Maeda  1992;  Ishima,  Hishida,  and  Maeda  1993) 
and  jets  (Hardalupas,  Taylor,  and  Whitelaw  1989;  Modaress, 
Tan,  and  Elgobashi  1984;  Prevost,  Boree,  Nuglisch,  and 


Chamay  1996)  .  The  role  of  the  Stokes  number  of  the 
particles,  which  compares  the  particle  Stokesian  time  scale  to 
the  time  scale  of  the  large  eddy  motion  seen  by  the  particles  is 
largely  discussed  in  the  shear  flows  where  a  typical  turbulent 
time  scale  is  easy  to  define.  Modifications  of  the  turbulence 
for  moderate  mass-loading  (defined  as  the  ratio  of  particles 
mass  fluxes  to  air  mass  fluxes)  is  clearly  demonstrated  in 
these  works.  Fluid  particle  correlations  are  measured  in 
(Prevost  et  al.  1996)  and  used  to  analyse  the  contrasted 
evolution  of  the  particles  Reynolds  stresses  along  the  jet. 

These  basic  situations  present  essential  test  cases  for 
numerical  predictions.  For  instance,  jet  flow  studies  have 
clearly  shown  that  the  influence  of  ejection  conditions  and  the 
local  production  by  the  mean  particle  velocity  gradients  are 
dominant  mechanisms  for  the  dispersed  phase  fluctuating 
motion  (Hardalupas  et  al.  1989)  that  have  to  be  taken  into 
account  in  models  (Simonin  1991)  .  The  bluff  body  flow 
presented  in  this  paper  was  designed  as  a  severe  test  case  for 
the  modelling.  This  configuration  is  typical  of  an  industrial 
application  where  the  objective  is  to  control  the  mixing  of  a 
fuel  (pulverised  coal)  with  the  air.  However  and  contrary  to 
practical  situations,  the  outlet  velocity  of  the  inner  jet  is 
chosen  low  enough  in  order  to  obtain  two  stagnation  points 
(see  figure  1)  in  single  phase.  Polydispersed  glass  particles  are 
added  to  the  inner  tube  flow  only.  The  stagnation  point 
configuration  obtained  here  is  therefore  interesting  as  inertia 
properties  of  the  particles  and  fluid/particle  coupling  in  the 
inner  jet  are  expected  to  play  a  dominant  role.  The  initial 
particle  size  distribution  covers  a  wide  range  of  size  classes 
from  20  pm  to  110  pm  with  a  mean  value  of  60  pm. 
Measurements  obtained  with  a  Phase  Doppler  anemometer 
will  be  presented.  A  size  class  analysis  will  illustrate  the 
contrasted  evolution  of  the  fluid  and  particle  turbulence. 

The  experimental  configuration  and  the  measurement 
method  are  first  described.  The  evolution  of  the  fluid  and 
particles  mean  and  fluctuating  velocity  field  for  two  typical 
size  classes  is  presented  in  part  3.  The  air  flow  in  the  presence 
of  particles  obtained  for  two  different  mass-loading  ratio  of 
the  inner  jet  Mj  =22%  and  Mj  =110%  is  then  compared 
with  the  single-phase  flow  data.  The  consequences  as  spatial 
distribution  of  the  particulate  phase  is  concerned  are  finally 
discussed. 
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2.  EXPERIMENTAL  SET-UP 

2.1  Flow  Configuration 

The  experiment  presented  here  has  been  performed  in  the 
flow  loop  Hercule  of  EdF-LNH.  The  vertical  axisymmetric  air 
flow  downstream  the  bluff  body  is  shown  in  figure  1.  The 
outer  and  inner  radius  of  the  annular  outer  region  are 
respectively  [/?2  =  150  mm  ;  R\  =75  mm]  The  maximum 
velocity  of  the  annular  flow  is  6  m/s  and  the  Reynolds  number 
of  the  flow  is  Re  =  U(R2-R\)/v=  30000 .  This  relatively 
low  value  of  the  external  velocity  was  chosen  in  order  to  use  a 
reasonable  external  volume  flux  and  to  overcome  seeding 
problems.  The  external  volume  flux  is  kept  constant  at 
Qe  =780  Nm3lh  for  a  relative  static  pressure  at  x=0  of 
Ap  =  10  mbar .  The  length  of  the  straight  annular  section 
upstream  the  test  section  is  Le=2m.  Several  honeycomb 
structures  are  added  in  order  to  remove  any  swirl  motion.  An 
inner  tube  jet  j/?7  =  10  mm  ;  Uj  ( r  =  0)  =  4  m  /  j]  is  generated 

by  compressed  air  flows  on  the  axis  of  the  recirculation  as 
shown  in  figure  1.  With  Le/D;  =  100,  the  tube  flow  is 

established.  The  volume  flux  of  the  jet  is  Qj  =3.8  Nrr?lh  at 
the  relative  static  pressure  A p  =  10  mbar .  This  corresponds  to 
a  mean  velocity  Uj  =3,4  m/  s-  The  ratio  of  the  jet  volume 
flux  to  the  annular  flow  volume  flux  is  very  low  (0,5%).  The 
maximum  velocity  U j  —Amis  was  chosen  in  order  to  get  a 
single  phase  flow  with  stagnation  points  in  the  recirculation. 
The  Reynolds  number  of  the  pipe  flow  is 
(Re  =  UjDj/  v  =  4500 ),  the  flow  is  turbulent  with 
Uj/Uj(r  =  0)  =  0,85.  Moreover,  we  could  check  that  the 
velocity  profile  at  the  exit  is  well  fitted  by  a  power  law  of 
exponent  approximately  (1/7). 

A  particular  care  was  devoted  to  seed  both  outer  and  inner 
single  phase  flows.  Two  water  injectors  designed  for 
spreading  water  mist  as  tracer  particle  are  located  upstream 
the  establishment  region  and  are  used  to  seed  the  annular 
flow.  Smoke  tracers  generated  by  a  smoking  machine 
(produced  by  Dantec)  are  added  to  the  central  jet  flow. 

The  test  section  is  1500  mm  in  length.  For  further 
descriptions.  The  origin  is  set  on  the  edge  of  the  bluff  body 
and  at  the  centre  of  the  inner  jet.  The  measurements  on  the 
axis  were  made  at  3mm,  10mm,  20mm  and  after  every  20mm 
up  to  500mm.  Flow  characteristics  were  also  measured  in 
planes  of  3,  80, 160,  200,  240,  320  and  400mm.  The  flow  will 
be  described  henceforth  using  a  cylindrical  coordinate  system 
(x,r,0)  to  indicate  the  axial  (downward),  radial  and  azimuthal 
directions.  The  components  of  the  mean  and  fluctuating 
velocity  field  are  denoted  respectively  by  (U,V,W)  and 
(u,v,w)  where  V  is  the  radial  component  and  W  is  the 
azimuthal  component.  No  swirling  motion  was  detected  to 
within  our  measurement  precision.  Subscripts  “f ’  and  ‘  p 
indicate  respectively  fluid  and  particles  properties.  The 
symbol  <  >/  and  <  >p  indicates  averaging  operators 

associated  respectively  to  fluid  and  particle  phases.  The 
expressions  u’  and  v’  stand  respectively  for  longitudinal  and 
radial  standard  deviation. 


2.2  Glass  Particles 

Glass  particles  are  released  in  the  conducting  pipe  of  the 
inner  jet  by  a  particle  feeder.  All  flow  conditions  and  particle 
mass  loading  are  monitored  on  a  work  station.  The  mass 
loading  is  controlled  accurately  in  closed  loop  by  weighting 
continuously  the  particle  feeder.  Two  mass  flux  of  particles  of 
1  kg/h  (resp.  5  kg/h)  corresponding  to  contrasted  inner  jet 
mass  loading  ratio  Mj  of  Mj  =22%  (resp.  Mj  =110%) 
have  been  selected  in  order  to  show  the  coupling  between 
continuous  and  discrete  phases.  Note  that  the  mass  loading 
ratio  of  the  global  flow  is  in  each  case  very  weak:  M,  =  0,1% 

(resp.  Mt  =0,5%). 

The  material  density  of  the  glass  particle  is 
pp  =2470  kg/m3.  The  initial  particle  size  distribution  covers 

a  wide  range  of  size  classes  from  20  pm  to  110  pm  with  a 
mean  value  of  60  pm.  The  Stokes  number  of  a  particle  size 
class  is  defined  as  the  ratio  of  the  particle  aerodynamic  time 
constant  Xp  to  an  appropriate  turbulent  time  scale  xj  .  The 
Stokesian  particle  relaxation  time  was  chosen  for  pp  »  Pf  : 
zp=ppdp2llSa  where  dp  is  the  median  diameter  of  the 
particle  size  class,  Pp  is  the  particle  density  and  p  is  the  fluid 

viscosity.  While  the  assumption  of  Stokes  flow  around  an 
isolated  particle  is  not  satisfied  for  many  cases  in  our 
experimental  conditions,  this  characteristic  time  calculation 
remains  interesting  for  particle  Reynolds  number  up  to  order 
of  unity  .  The  particle  time  scale  varies  significantly.  For  size 
classes  20  pm,  60  pm  and  110  pm,  its  value  is  respectively 
X p  =  3 .  ms  ;  27,5  ms  and  92  ms  . 

2.3  PDA  Settings 

For  making  measurement  with  a  Laser  Doppler  system,  15 
optical  windows  consisting  of  thin  plastics  sheets  with  a 
thickness  of  0.3  mm  are  located  along  the  test  section.  A  two 
components  phase  Doppler  anemometer  produced  by  Dantec 
(particle  Dynamics  Analyser:  PDA)  was  used.  For  accuracy 
and  convenience  of  the  displacement,  optical  fibber  system 
was  prefered.  Total  inter  section  angle  of  incident  beam  was 
1.5  degree.  The  receiving  optics  was  settled  at  67  degrees  of 
off-axis  angle  from  the  incident  beam  to  minimise  the 
contribution  of  the  reflected  light. 

The  optical  windows  were  put  only  on  the  incident  beam 
side.  The  actual  off-axis  angle  was  therefore  changed  from  the 
67  degree  at  the  outer  side  of  the  measuring  range  because  of 
the  refraction  effect  on  the  cylindrical  wall  of  the  test  section. 
The  off-axis  angle  error  by  this  reason  was  checked  before 
making  diameter  measurement.  It  is  less  than  3%  and  is  thus 
not  significant  for  diameters  measurements. 

The  used  refractive  index  was  set  as  1.51  which  is  for 
normal  glass  particle.  In  this  experiment,  water  droplet  and 
smoke  were  used  as  the  tracer  particles.  Their  refractive 
indexes  are  not  equal  to  that  of  glass  particle.  However,  the 
result  from  the  single  phase  flow  measurement  with  only 
seeding  particle  indicates  that  the  mean  diameter  of  the  water 
droplets  is  less  than  5pm  and  that  of  smoke  is  2pm,  where  the 
values  were  obtained  with  the  refractive  index  of  the  glass 
particle.  In  addition,  the  results  from  two-phase  flow  without 
tracers  show  that  very  few  glass  particles  with  less  than  10  pm 
in  diameter  exist  in  the  experimental  region.  Therefore,  all  the 
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particles  with  less  than  5  pm  in  diameter  were  treated  as  tracer 
particles  in  the  present  experiment.  We  have  verified  that  all 
the  particles  in  this  size-class  can  be  considered  as  good 
tracers  of  the  continuous  phase.  Measurements  are  carried  out 
for  the  continuous  and  dispersed  phases  simultaneously. 
Unless  specified,  we  perform  statistical  averaging  of  at  least 
one  thousand  independent  samples  in  each  size-class. 
Consequently,  estimated  statistical  absolute  errors  for  mean 
values  (resp.  relative  errors  for  standard  deviation  values)  are 
respectively  AU  =  0.06n'  (resp.  Ec~  5%)  with  a  95% 
confidence  level. 


3.  TWO-PHASE  FLOW  AT  MODERATE  MASS  LOADING 
M}  =  22% 

3.1  Qualitative  Description  of  the  Flow 

The  sketch  of  the  confined  bluff  body  flow  presented  in 
figure  1  was  derived  from  systematic  axial  and  lateral  mean 
velocity  profiles  in  single  phase  configuration  (Ishima  and 
Boree  1998)  .  The  flow  is  schematically  decomposed  into 
three  longitudinal  regions.  Region  A  ranges  from  the  jet 
nozzle  to  the  first  stagnation  point  5i  with  x\  =  120  mm  or 
x\)  Dj  =  6 .  The  jet  is  therefore  rapidly  stopped  by  the 

recirculating  flow.  Note  also  that  the  positive  pressure 
gradient  due  to  the  section  increase  should  play  an  important 
role.  In  A,  the  central  jet  is  surrounded  by  a  recirculation 
upward  flow  which  "feeds"  both  the  initial  entrainment  in  the 
jet  and  the  annular  shear  layer  developing  at  the  edge  of  the 
bluff  body.  Region  B  ranges  from  S\  to  Si  and  represents  the 
recirculation  region.  An  intense  upward  flow  on  the  axis  is 
detected  (see  profiles  of  U j  in  fig.  4a).  The  second  stagnation 
point  S2  is  located  approximately  at  x2  ~  220  mm  or 
x-,1  Dj  =  11.  Profiles  measured  further  downstream  at  x= 
200mm,  240mm,  320mm  and  400mm  show  that  region  C 
downstream  S2  corresponds  to  the  development  of  a  wake 
flow. 

For  small  particles  much  denser  than  the  surrounding 
fluid,  a  first  step  is  to  compare  the  particle  Stokesian  time  tp 
with  representative  time  scales  of  the  turbulent  flow. 

We  can  characterise  qualitatively  important  features  of 
this  configuration : 

-  With  Tj  =  D0IU0  ~5 ms ,  most  particles  are  only 

partly  responsive  to  the  initial  inner  jet  flow. 

-  The  time  scale  of  the  strong  longitudinal  velocity 
decrease  about  the  stagnation  point  Si  represent  the 
deceleration  imposed  to  the  particles. 
zdec  =  (dUf/dx'j  =15 ms  can  be  obtained  from  figure  3a. 

Only  the  smallest  particles  can  therefore  recirculate. 

-  The  annular  shear  layer  developing  at  the  edge  of 
the  bluff  body  or  the  downstream  wake  are  characterised  by 

zs  =  (dUf /dr')  (Hishida  et  al.  1992) .  zs  is  evaluated  from 

measurements  (Ishima  and  Boree  1998)  resulting  in 
Tj  =4  ms  at  x=80mm,  rs=lms  at  x=  160mm  and 
rs  =20  ms  at  x=400mm.  Most  particles  are  therefore  not 
responsive  and  dispersion  of  the  largest  particles  is  expected 
to  occur  later  in  the  far  wake. 


3.2  Exit  Velocity  Profiles  of  the  Two-Phase  Flow 

The  fluid  and  particle  mean  velocity  profiles  at  x=3mm 
(nozzle  exit)  are  displayed  in  figure  2.  The  60pm  particles 
differs  slightly  from  the  continuous  phase.  They  should 
experience  rebounds  on  walls  which  have  an  obvious 
signature  on  mean  longitudinal  velocity  profile. 
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Figure  1:  Sketch  of  the  confined  bluff  body  flow 


Figure  2:  Fluid  and  particle  mean  velocity  profiles  at  nozzle 
exit  ■,  Tracers  ;  O,  dp  =  20pm  ;  x,dp  =  60 pm 

3.3  Axial  Evolution  of  the  Two-Phase  Flow 

Figures  3a,  b  and  c  compare  respectively  the  axial 
evolution  of  the  mean  axial  velocity,  rms  axial  velocity  and 
rms  radial  velocity  for  the  air  and  for  the  two  contrasted  size 
classes  dp  €  [15pm, 25pm]  and  dp  e  [55pm, 65pm]  noted  for 
simplicity  dp  =  20pm  and  dp  =  60pm  .  Figure  3a  shows  that 
particles  lag  the  fluid  behaviour  so  that  their  axial  velocity 
decreases  more  slowly.  The  difference  induced  by  particle 
inertia  is  particularly  striking  just  downstream  the  fluid 
stagnation  point  where  the  two  size  classes  exhibit  mean 
velocities  of  opposite  signs.  This  trend  increases  with  the  size 
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class  and  no  mean  negative  velocity  is  detected  in  the 
downstream  evolution  of  particles  larger  than  60  pm  not 
displayed  here. 

Quite  high  relative  Reynolds  number  based  on  the  mean 
velocities  differences  are  reached  (The  effect  of  a  drift 
velocity  (Simonin  1991)  is  not  considered)  in  the 
recirculation  corresponding  to  max(Rep)=l  for  dp  =  20  fjm 

and  max  (Rep  )=  6  for  dp  =  60 fjm  . 

A  clear  maximum  of  the  fluid  and  particle  axial 
fluctuating  velocity  is  detected.  Let's  focus  first  on  the  fluid 
behaviour.  The  particular  configuration  with  two  stagnation 
points  is  interesting  for  turbulence  studies.  5j  and  S2  have 

dU 

very  different  natures  :  At  5j ,  —  =-75  s  1  <0  and  at  S2, 


—  =  +29  s'1  >  0  .  On  the  axis  of  an  axisymmetrical  flow, 
dx 

dV  1  dU 

mean  continuity  equation  tells  us  that  —  =  ~2~fa  ■  At  ’ 

turbulence  is  therefore  submitted  to  an  axial  compression  and 
radial  strain  while  axial  strain  and  radial  compression  occur  at 
52  •  The  axial  evolution  of  longitudinal  and  radial  fluctuating 
components  (see  profiles  of  u'  j  and  v'y  in  figures  3b  and  3c) 
show  clearly  that  turbulence  react  strongly  to  these 
solicitations.  For  an  axisymmetrical  turbulent  flow, 
productions  terms  for  the  longitudinal,  radial  and  azimuthal 
fluctuating  components  are  respectively  : 

f  .  dUf  ,  .  dUf ] 

Pr oduf  =  -2|^( Uf  /f-^+\ufvflf-dT j  UJ 

[,  y  dVr  ,  ^  dVj^ 

Pr odvf  =  -2\[ufvf ) f~£+\Vf  tf  &  J 

On  the  axis,  using  mean  continuity  equation,  they  reduce 


to  : 

/  dUf 

Pr  °duf  (r  =  0)  =  ~2\«/2  /  j  (3) 

v  duf 

Pr  odvj  (r  =  0)  =  (vy2  ) y  (4) 

5l  is  associated  with  an  intense  production  of  u  /  and 
destruction  of  v'/  which  explains  the  sharp  peak  and  the  very 

strong  anisotropy  max^i/  f/v’  y^=2.2  at  Xj  =  140  mm  .  S2  is 
associated  with  a  moderate  destruction  of  u'  j  and  production 
of  v'f.  Moreover,  mean  and  turbulent  transport  terms  are 
known  to  be  important  contributors  to  v'f  balance  on  the 
axis.  Downstream  S2,  V  j  exceeds  u  j  with  a  quasi  constant 
value  of  u'  ffv'f  =  0.7  which  increases  slowly  downstream. 

A  clear  maximum  of  the  axial  fluemating  velocity  of  the 
particle  is  also  detected  in  figure  3b.  The  maximum 
corresponds  to  the  location  of  maximum  production  of  up 

by  mean  longitudinal  velocity  gradients 
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Fig.  3b  :  Rms  longitudinal  velocity 


Figure  3:  Longitudinal  evolution  on  the  axis. 
■,  Tracers  \0,dp  =  20/jm  \*,dp  =  60 pm 
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(see  (Simonin  et  al.  1995)  for  the  corresponding  equations) 
and  is  shifted  downstream  of  u  j  maximum.  The  evolution  of 

the  radial  fluctuating  velocity  of  the  particles  (fig.  3c)  is 
significantly  different.  The  initial  increase  of  vp  is  slow, 
particularly  for  the  largest  particles.  The  anisotropy  of  the 
bead  fluctuating  motion  is  very  high  in  the  recirculation  zone 

with  max(^  p20/v'  p20)=  2.8  and  max(«'p60/v'p60  )=  3.6  at 
Xi  =140  mm .  v  '  increases  sharply  at  the  downstream  end 
of  the  recirculation  zone  about  point  S2  and  exceeds  the 
longitudinal  fluctuating  motion.  Qualitatively,  this  high  level 
of  vp'  is  believed  to  be  associated  with  a  global  unsteadiness 

of  the  end  of  the  recirculation  bubble.  Any  lateral  or 
azimuthal  flapping  of  this  region  will  indeed  result  in  a  high 
level  of  radial  rms  velocity  on  the  axis.  A  slow  decrease  of  the 
radial  rms  velocity  is  measured  in  the  early  wake  flow  (x>240 
mm).  The  memory  of  the  recirculation  zone  is  of  course 
important.  Noticeably,  the  anisotropy  u  p/v'p  of  the  bead 
fluctuating  motion  is  very  similar  to  the  fluid  one.  These 
results  show  clearly  that  any  assumptions  of  local  dragging  of 
the  particulate  phase  by  the  turbulence  in  such  flow  put  aside 
the  dominant  mechanisms. 

3.4  Radial  Evolution  of  the  Two-Phase  Flow 

To  emphasise  the  previous  discussion  concerning  the 
influence  of  inertia,  the  whole  set  of  radial  evolution  at  x=160 
mm  is  drawn  in  figure  4.  The  role  of  the  inertia  of  the 
particles  is  particularly  clear  as  mean  longitudinal  velocities 
are  concerned  (fig.  4a).  A  local  maximum  is  detected  on  the 
axis  for  Up20  and  Up60  at  r=0  is  still  positive  while  Uf  is 
typical  for  a  recirculating  flow.  Note  that,  in  this  highly 
intermittent  region,  the  downward  movement  of  particles  is 
also  probably  associated  with  downward  moving  fluid 
pockets.  It  would  be  very  interesting  to  draw  profiles  of  the 
mean  fluid  velocity  seen  by  the  particles  which  may  also 
exhibit  a  jet-like  behaviour  near  the  axis.  More  work  is 
presently  devoted  to  this  point  using  the  method  of  (Prevost  et 
al.  1996)  .  The  mean  movement  of  the  large  particles  (fig.  4a, 
b)  differs  from  the  mean  movement  of  fluid  and  20  pm 
particles.  In  the  outer  region,  their  mean  longitudinal 

velocities  is  significantly  lower  than  the  fluid  velocity  while 
their  mean  radial  velocity  shows  an  outward  motion.  Two 
reasons  can  contribute  to  this  observation.  First,  the  estimated 
turbulent  time  scale  in  the  shear  layer  is 

T,  =  ( dUf/dr )  1  ~1  ms  which  is  larger  than  rp2o  =3  ms 
but  smaller  than  rp60  =  27,5  ms .  Due  to  their  inertia,  large 

particles  can  cross  the  shear  layer  (for  x<80  mm)  and  are 
convected  downstream  by  the  external  flow.  A  second 
explanation  comes  when  one  looks  at  the  radial  evolution  of 
the  pdf  of  particle  size  measured  at  x=160  mm.  The 
probability  of  finding  a  55/65  pm  particle  decreases  sharply 
from  r=60  mm  to  r=90  mm.  The  presence  of  large  particles  is 
therefore  associated  only  with  outward  fluid  motion  of  low 
longitudinal  velocity  which  also  contributes  to  the  results. 
Note  also  that  the  statistical  convergence  associated  with  large 
particles  in  the  outer  region  (r>80  mm)  is  not  so  good  as  less 
than  two  hundred  samples  were  used  to  limit  duration  of  data 
acquisition  in  this  region. 


The  radial  evolution  of  the  fluctuating  velocities  deserve  a 
lot  of  comments.  The  longitudinal  fluctuating  velocities  u'  p2o 
and  u'  p60  are  much  greater  than  u‘  j  on  the  jet  axis  with 
u'  p2olu'f~u'  p60/u'f=l,l.  Production  of  the  particle 

longitudinal  fluctuation  by  the  longitudinal  mean  particle 
velocity  gradient  is  maximum  on  the  axis  and  explains  the 
important  peak.  The  lateral  evolution  of  ti  j  is  typical  for  a 
recirculating  flow  with  an  obvious  signature  of  the  shear 
layer.  Local  production  terms  (relations  (1)  and  (2))  were 
inferred  from  the  data.  The  maximum  value  of  Pr  odujr 

correspond  closely  to  the  region  of  maximum  shear  rate 

max^  Pro<4y  j  =150  m  2s~3  at  r  =  50  mm  )  and  to  the  peak 

detected  in  figure  4c.  Contrary  to  what  is  observed  classically 
in  quasi  parallel  shear  flows,  a  significant  maximum  of  v'y 

production  ^  max^  Pr odv  j  j  =  110  m2s  3 

=  0.75maxf  Prorf„y  j  j  is  located  at  r=40  mm.  This  location 

corresponds  to  the  radial  edge  of  the  recirculation  zone  (fig. 
4a),  to  the  maximum  value  of  (dVj-/drj  and  to  the  peak 
value  of  v  f. 

Peak  values  of  u’  p  and  v'  p  are  detected  at  these  radial 
locations  also  and  are  believed  to  be  associated  with 
production  mechanisms.  An  interesting  result  can  be  obtained 
if  one  draws  the  radial  evolution  of  the  correlation  coefficient 
Ruv  =  u'Ju  v'  (fig.  4f).  Ruvp  and  Ruvjr  have  opposite  signs 

as  expected  near  the  flow  axis.  The  large  scale  time  scale  of 
the  shear  layer  is  r,  =  7  ms  and  the  20  pm  particles  follow 
closely  the  evolution  of  the  fluid  phase.  On  the  contrary,  one 
sees  that  the  fluctuating  velocities  of  the  60  pm  particles  are 
highly  correlated  and  that  Ruv^q  is  quasi  constant  throughout 

the  whole  shear  layer.  This  value  corresponds  to  recent 
theoretical  results  by  (Fevrier  and  Simonin  1998) . 

4.  INFLUENCE  OF  THE  MASS  LOADING  OF  THE 
INNER  JET 

The  value  of  the  mass  loading  provides  information  about 
the  proportion  of  the  momentum  flow  rate  carried  by  the 
particles  to  that  carried  by  the  gaseous  phase  in  the  inner  jet. 
Particles  have  a  mean  slip  velocity  that  causes  momentum 
transfer  from  the  dispersed  phase  to  the  fluid.  In  two  phase 
jets,  (Hardalupas  et  al.  1989;  Modaress  et  al.  1984)  have 
shown  that  this  exchange  and  the  particle/turbulence 
interaction  depend  strongly  on  the  particle  Stokes  number  that 
separates  fully  responsive,  partly  responsive  and  unresponsive 
particles.  Our  polydispersion  ranges  from  responsive  to 
unresponsive  glass  beads  and  a  strong  two-way  coupling  is 
therefore  expected. 
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Fig.  4a  :  Mean  longitudinal  velocity 
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Fig.  4b  :  Mean  radial  velocity 
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Fig.  4c  :  Rms  longitudinal  velocity 


Fig.  4d  :  Rms  radial  velocity 


Figure  4:  Radial  evolution  at  x=160  mm. 

■  ,  Tracers  ;  dp  =  20y Um  ;  *  >  dp  =  60 /Am 

Note  that  the  central  jet  in  region  A  (fig.  1)  is  the  only  dense 
region  of  the  two-phase  flow  while  the  other  parts  of  the  flow 
are  very  dilute.  Mj  has  however  here  a  strong  effect  on  the 
whole  organisation  of  the  mean  flow.  The  axial  evolution  of 
the  gas  phase  velocity  in  presence  of  particles  is  plotted  in 
figure  5.  Figure  5a  shows  that  the  axial  evolution  of  the  air 
mean  axial  velocities  for  Mj  =  0  ;  22  %  and  110  %  differ 
significantly.  One  notes  in  particular  that  the  region  of  strong 
velocity  decrease  is  shifted  downstream  when  M}  increases 
and  that  no  mean  stagnation  point  is  found  for  Mj  =  110  % . 
The  initial  strong  longitudinal  increase  of  u'  j  and  v'  f  seems 
to  be  delayed  after  4  jet  diameters  at  higher  mass  loading. 
This  is  not  surprising  as  the  relative  motion  between  the 
fluctuating  velocities  of  the  particles  and  the  fluid  provides  an 
additional  mechanism  for  turbulent  energy  dissipation. 
Moreover,  an  estimation  of  the  inter-particle 
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Fig.  5b  :  Air  Rms  longitudinal  velocity 


Fig.  5c  :  Air  Rms  radial  velocity 

Figure  5:  Longitudinal  evolution  on  the  axis.  ■,  Single 
phase  flow;  O,  Air  at  Mj  =  22  %  ;  A,  Air  at  Mj  =110  % 


collision  time  rcol[  (Lavieville  et  al  1997)  for  Mj  =110  % 
leads  to  rc„n  =15  ms.  Inter-particle  collisions  should 
therefore  be  important  near  the  jet  outlet  at  the  highest 
loading. 

Elsewhere  in  the  flow,  the  local  mass  loading  becomes  very 
weak  as  the  two  stream  mixes.  At  first  order,  the  modification 
of  the  fluid  mean  flow  in  presence  of  the  glass  beads  will  thus 
be  responsible  for  turbulence  modifications.  As  an  example, 
figure  5b  shows  that  the  location  of  the  peak  of  axial  rms 
velocity  is  shifted  downstream  together  with  the  shift  of 
maximum  longitudinal  gradient  of  the  mean  axial  velocity 
(fig.  5a).  Radial  profiles  not  shown  here  would  lead  to  similar 
observations. 

These  changes  in  the  flow  evolution  have  important 
consequences  on  the  distribution  of  the  particulate  phase  in 
the  flow.  Figure  6  presents  three  (qualitative)  pdf  of  particle 
size  measured  on  the  axis  of  the  flow  for  Mj  =  22%  at 

respectively  x=10  mm,  x=200  mm  and  x=320  mm.  The 
probability  of  finding  a  particle  belonging  to  a  given  size  class 
at  the  measurement  point  displayed  in  figure  7  was  estimated 
by  dividing  the  number  of  detected  particles  of  the  given  size 
class  by  the  total  number  of  particles  detected.  This  method 
supposes  that  the  proportion  of  valid  data  is  the  same  in  each 
size  class.  This  statement  is  not  tme  because  it  is  well  known 
that  the  probability  of  detection  depends  on  the  size  class.  The 
presented  results  are  therefore  biased  toward  large  particles. 
No  correction  is  attempted  here  (Sommerfeld  and  Qiu  1995) 
and  results  are  only  qualitative. 

x=200  mm  is  located  in  the  recirculation  zone.  We  see  clearly 
that  the  probability  of  detection  of  particles  larger  than  60  pm 
is  greater.  This  is  natural  if  one  realises  that  the  particle  of 
largest  class  should  not  experience  any  return  flow  on  the 
axis.  The  small  particles  are  therefore  dispersed  while  big 
ones  go  straight  forward.  The  situation  (not  shown  here)  is 
very  different  at  =110%  (Ishima  and  Boree  1998)  .  The 
probability  of  finding  larger  classes  increases  regularly  when 
one  moves  downstream.  This  is  due  to  the  absence  of  any 
recirculation  on  the  axis  and  to  radial  dispersion  of  the  small 
classes.  Predictions  of  these  distributions  by  turbulent  two- 
phase  flow  models  are 


Figure  6:  Qualitative  pdf  of  particle  size  measured 
along  the  axis 
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particularly  important  in  combustion  chambers  or  streams  of 
pulverised  solid  fuels  to  ultimately  predict  accurately  the 
combustion  phase. 

5.  CONCLUSION 

An  experimental  study  of  two-phase  flow  behind  a  confined 
bluff  body  has  been  presented  in  this  paper.  This 
configuration  has  direct  links  with  typical  industrial 
applications  in  coal  combustion.  Such  situation  is  also  very 
interesting  for  the  development  of  two  phase  flow  turbulent 
closures. 

The  initial  particle  size  distribution  covers  a  wide  range  of 
size  classes  from  20  pm  to  110  pm  with  a  mean  value  of  60 
pm.  Dealing  with  a  polydispersion  is  possible  when  phase 
Doppler  measurements  are  made.  A  size  class  analysis  was 
presented.  This  analysis  is  necessary  for  such  a  wide  range  of 
particles  time  scale.  Moreover,  contrasted  inner  jet  mass 
loading  ratio  Mj  ranging  from  22  %  to  110  %  have  been 
selected  in  order  to  show  the  coupling  between  continuous 
and  discrete  phases. 

For  the  chosen  ejection  velocity  of  the  inner  jet,  we  have 
shown  that  three  different  longitudinal  zones  can  be 

distinguished  in  the  flow  characterised  on  the  axis  by 
respectively  a  jet  flow,  a  recirculating  flow  and  the 

establishment  of  a  wake  flow.  Two  stagnation  points  separate 
these  regions.  These  stagnation  points  have  different  nature 
described  by  the  sign  of  the  longitudinal  rate  of  deformation. 
The  reaction  of  the  turbulent  field  is  clear  :  a  very  high 
anisotropy  is  measured  and  explained  on  the  flow  axis. 

This  study  shows  particularly  well  that  one  has  to  write  and 
solve  transport  equations  for  the  fluctuating  velocity  of  the 
particles  and  that  no  local  equilibrium  with  the  fluid 

turbulence  can  be  assumed.  Production  effects  due  to  either 
mean  axial  strain  near  the  stagnation  points  or  more 

classically  to  high  shear  in  the  initial  jet,  in  the  annular  shear 
layer  and  in  the  "wake  like"  flow  is  clearly  observed.  The 
locations  of  these  maxima  can  be  highly  dependant  of  the 
diameter  of  the  particles  when  the  influence  of  the  inertia  is 
dominant  and  the  polydispersion  has  to  be  taken  into  account. 
This  is  expected  to  be  a  major  difficulty  for  models, 
particularly  when  two-way  coupling  is  significant. 

The  effect  of  mass  loading  was  discussed  and  is  clear  when 
one  looks  at  the  axial  evolution  of  the  mean  longitudinal 
velocities  of  the  fluid  in  the  presence  of  particles.  The  region 
of  strong  velocity  decrease  is  shifted  downstream  when  Mj 

increases  and  no  mean  stagnation  point  is  found  for 
Mj  =  110%.  Moreover,  the  significant  initial  increase  of  rms 

velocities  is  delayed  at  Mj  =110  %.  The  mass  loading  has 
therefore  a  global  effect  on  the  flow  organisation  in  the  wake 
of  the  bluff  body.  By  changing  the  flow  organisation,  it  also 
modifies  the  region  of  turbulence  production  and  the  spatial 
distribution  of  the  particulate  phase.  A  bad  prediction  of  the 
effects  of  the  mass  loading  will  thus  result  in  a  wrong 
prediction  of  the  whole  two-phase  flow  and  eventually  of  the 
resulting  combustion  phase. 

This  situation  is  believed  to  be  a  severe  test  case  for  turbulent 
two-fluid  models.  Measurements  of  fluid/particle  correlated 
motion  in  relevant  part  of  the  flow  and  comparison  with 
model  predictions  are  presently  on  their  way. 
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ABSTRACT 

The  gas-solid  flow  structure  in  the  riser  of  a  cold  labo¬ 
ratory  scale  fluidized  bed  reactor  has  been  investigated. 
Phase  Doppler  Anemometry  is  used  to  provide  local  in¬ 
formation  highly  resolved  in  time  and  space.  A  Particle 
Image  Velocimetry  system  has  been  developed  to  investi¬ 
gate  the  spatial  flow  structures  and  to  obtain  a  better  un¬ 
derstanding  of  the  related  information  obtained  from  PDA 
time  series  and  pressure  fluctuations  in  the  flow.  A  review 
is  made  on  the  new  possibility  offers  by  this  system  to  in¬ 
vestigate  mechanisms  induce  by  gas  bubbles  on  the  solid 
phase  heterogeneity 

1.  INTRODUCTION 

Thermal  power  stations  using  a  Circulating  Fluidized  Bed 
(CFB)  furnace  have  attracted  much  attention  since  the 
1970s  and  1980s  due  to  their  excellent  heat  and  mass 
transfer  properties  and  because  they  permit  controlled 
transfer  of  solids  into,  out  of,  and  within  the  system.  Their 
relatively  low  temperature  operation  (840  to  890°C), 
which  limits  NOx  formation,  and  their  capability  of  neu¬ 
tralizing  of  sulfur  oxide  emissions  by  calcaire  calcination, 
make  them  efficient  for  environmental  requirements  too. 
Basically,  one  of  the  main  properties  of  the  fluidization 
process,  which  make  it  absolutely  essential  for  processes 
requiring  a  high  conversion  and  close  control  of  tempera¬ 
ture  is  the  high  solids  to  gas  contacting  surface  obtained, 
which  is  itself  closely  connected  to  local  concentration 
homogeneity  in  solids.  In  spite  of  this  idealistic  descrip¬ 
tion  of  the  gas-solid  flow  characteristics  in  CFB  the  exis¬ 
tence  of  a  segregated  gas/solid  two-phase  flow  structure  is 
now  well  accepted  for  the  upper  dilute  region.  The  mezzo- 
scale  structures  can  be  described  as  clusters  and  strands  of 
higher  solid  volume  concentrations  suspended  in  continu¬ 
ous  suspension  phase  of  low  density,  where  the  particle 
clustering  seems  to  have  significant  influence  on  the  gas- 
solid  momentum  transfer  and  on  development  of  macro¬ 
scopic  flow  structures  including  the  core-annulus  flow, 
(Horio  1997).  It  probably  has  a  lot  of  influence  on  chemi¬ 
cal  processes  and  thus  on  gas  pollutant  formation  too. 

24.5.1 


Nevertheless,  very  few  reliable  data  are  found  in  the  lit¬ 
erature  on  cluster  formation  mechanisms  and  interaction 
with  the  gas  flow,  although  there  is  a  growing  interest  in 
these  mechanisms  from  a  practical  and  theoretical  point  of 
view.  Experimentally,  a  variety  of  measuring  techniques 
for  CFB  local  flow  analysis,  such  pressure,  capacitance  or 
fiber-optical  probe  systems  have  been  extensively  used. 
Laser  Doppler  Anemometry  or  Phase  Doppler  Ane¬ 
mometry  has  also  been  used  for  mean  velocity  or  flux  pro¬ 
file  measurements.  Nevertheless,  although  these  tech¬ 
niques  provide  useful  statistical  data  on  some  local  flow 
characteristics,  they  do  not  allow  non-stationary  physical 
phenomenon  (in  space  and  time)  to  be  understood. 

The  present  paper  reports  on  the  experimental 
setup  developed  and  the  preliminary  results  obtained  on 
the  study  of  gas-solid  flow  structures  in  LFCs  and  more 
particularly,  particle  cluster  formation  mechanisms,  with 
an  approach  combining  a  local  and  a  spatial  analysis.  Lo¬ 
cal  and  time  resolved  analysis  is  performed  with  a  Phase 
Doppler  Anemometer  (PDA),  giving  access  to  the  parti¬ 
cles  velocity,  size,  and  mass  flux.  The  spatial  analysis  of 
flow  structures  is  based  on  a  Tomographic  and  Particle 
image  Velocimetry  (PIV)  system,  giving  access  to  spatial 
solid  distributions,  and  2D  velocity.  Note  that  PIV  is  ap¬ 
plied  here,  for  the  first  time  as  known  by  the  authors,  to 
the  study  of  the  hydrodynamics  of  CFB.  Static  and  dy¬ 
namical  pressure  measurements,  which  are  classically 
used  in  industrial  processes,  have  also  been  used  for  com¬ 
parison  with  optical  techniques. 

2.  EXPERIMENTAL  SETUP 
2.1  Fluidization  loop 

Experimental  studies  have  been  carried  out  on  a 
laboratory  scale  cold  circulating  fluidized  bed  with  a 
height  of  2  meters  (=H)  and  a  cross  section  of  0.2*0.2 
(=L*L),  see  Figure  1 .  A  pump  located  at  the  outlet  of  the 
cyclone  sucks  the  air  (ambient  temperature,  humidity  and 
pressure)  through  layers  of  closely-packed  glass  beads 
200  mm  thick.  Two  grids  are  placed  immediately  above 
the  layers  of  packed  beads.  The  first  one,  with  circular 


holes  3  mm  in  diameter,  it  has  a  30%  clear  aperture  and  is 
used  to  supply  a  uniform  plug  flow  of  gas  in  the  riser  even 
when  there  are  no  particles  in  the  riser.  The  second  one  is 
a  square  grid  plate  with  a  40pm  opening  which  is  used  to 
retain  the  particles  in  the  riser.  Various  superficial  gas 
velocity  conditions  (Uf,  between  0  to  1.5  m/s)  can  be  con¬ 
sidered.  Fluidized  particles  are  glass  beads,  with  known 
size  distribution,  and  different  mean  diameters  from  60  to 
250  pm  for  a  total  solid  hold-up  down  to  3  %  in  volume. 
With  increasing  superficial  gas  velocity  the  bed  evolves 
from  a  dense  bed  to  bubbling,  slugging,  turbulent  and  cir¬ 
culating  bed,  with  an  increasing  concentration  of  particles 
in  suspension.  Particles  that  go  out  from  the  risers  are 
separated  from  the  gas  flow  by  a  cyclone  and  recycled  via 
a  recirculation  loop  and  reintroduced  at  the  basis  of  the 
riser.  The  pump  releases  the  air  into  the  atmosphere.  The 
superficial  gas  velocity  is  measured  at  the  pump  outlet, 
see  Catthiew  (1994). 

2.2  Optical  setup 

Phase  Doppler  Anemometry,  PDA  system 

The  PDA  is  a  one  component  system  based  on  a  lOmW 
He-Ne  laser,  from  Aerometrics  Inc.  A  classical  forward 
scattering  collection  angle  of  30°  was  used,  with  a  trans¬ 


mitting  and  collection  optics  focal  lens  of  500mm.  The 
probe  volume  size  versus  particle  diameter  is  set  to  3, 
when  possible,  which  is  the  minimum  to  limit  Trajectory 
Effects  (TE)  with  a  classical  Phase  Doppler  geometry,  see 
Grehan  et  al.  1996,  Onofri  1995.  The  transmitting  and  re¬ 
ceiving  optics  were  mounted  on  a  motor  driven  table  such 
that  the  probe  volume  could  be  accurately  moved  in  all 
three  orthogonal  directions.  The  starting  data  acquisition 
control  is  controlled  either  from  software  or  from  an  ex¬ 
ternal  trigger  event. 

Tomographic,  Particle  Imaging  Velocimetry,  PIV  system 

A  PIV  system  that  operate  in  two  ways  has  been 
fully  developed.  One  with  video  frequency  acquisition  of 
large  fields,  see  Figure  2,  and  the  other  one,  for  high 
speed  acquisitions  but  with  severely  limited  field  resolu¬ 
tion,  see  Figure  3. 

(1)  The  video  frequency  acquisition  Tomo- 
graphic/PIV  system  is  based  on  a  double  pulse  Laser 
YAG,  from  Quantel,  giving  140mJ  per  pulse  with  a  25  Hz 
repetition  rate.  The  laser  beam  output  is  directed  to  the 
riser  with  a  periscopic  translating  system.  Three  cylindri¬ 
cal  high  power  lenses  are  used  to  produce  a  laser  sheet  of 
a  thickness  of  1.5  mm  at  the  measurement  location,  and 


2  D  velocity  fields 


Figure  1  Experimental  setup:  the  glass  column  of  the  fluidized  bed  is  2  meters  high  (=H)  and  has  a  0.2*0  2  cross  section 
(=D*D)  Fluidized  particles  are  glass  beads  of  known  size.  A  phase  Doppler  system,  a  Partic  e  mage  e  ocime  r> 
pressure  probe  system  mounted  on  a  motorized  optical  bench  are  used  for  the  hydrodynamics  studies.  The  axial  velocit> 
component  is  along  the  Z  axis,  and  the  transverse  velocity  component  measured  with  PIV  is  along  the  X  axis. 


24.5.2 


PDA  acquisition  control 


Figure  3  Experimental  setup  for  PIV  system  working  at  high 
frequency  acquisition  rate. 

with  a  30°  cone  angle.  The  periscopic  system  has  been 
designed  to  obtain  a  laser  sheet  that  can  be  moved  with 
the  motorized  table  without  significant  modifications  of  its 
characteristics.  The  imaging  system  is  constituted  by  a 
XC77  camera  from  Sony,  operating  in  FIELD  integrating 
and  interlaced  mode  (the  processing  algorithm  use  an  in¬ 
tercorelation  scheme).  The  output  signal  parity  of  the 
FIELD  mode  is  directed  to  special  electronics  that  have 
been  developed  to  produce  one  or  two  trigger  pulse  with 
controlled  delay  and  duration.  One  of  these  pulses  is  used 
to  trigger  the  laser  control  panel  (DSP1)  which  generates 
four  TTL  signals,  with  controlled  delay,  to  trigger  the  la¬ 
ser  flash  lamps  and  control  quenching.  The  TTL  output  of 
the  flashes  lamps  are  registered  on  a  transient  recorder  for 
further  verification  of  synchronization  delays.  The  analog 
video  output  signal  is  directed  to  an  imaging  board,  Pulsar 
L.C,  from  Matrox.  Over  250  images,  with  a  size  of 
752*572  pixels,  can  be  registered  at  video  frequency, 
which  corresponds  to  a  sequence  of  10  seconds.  The 
video  board  can  be  synchronized  with  an  external  TTL 
signal.  So  a  simple  electronics  system  has  been  developed 
to  send  a  common  synchronization  signal  to  the  imaging 
board,  the  PDA  processing  module  and  the  transient  re¬ 
corder  on  which  TTL  signals  and  the  signal  of  gas  pres¬ 
sure  fluctuations  in  the  bed  are  directed. 

(2)  The  high  frequency  acquisition  PIV  system  is 
based  on  a  7W  argon  laser.  The  synchronization  signal 
pulse  generator  is  used  here  to  generate  two  signals  in 
TTL  format.  These  signals  are  used  to  trigger  the  control 
electronic  of  a  Braggs  cells  that  is  used  as  an  optical  gate. 
The  Braggs  cell,  on  the  laser  beam  output,  is  used  to  pro¬ 


duce  the  required  two  pulses  with  finite  duration  and  de¬ 
lay.  With  this  system  the  flashing  of  the  laser  sheet  has 
almost  no  limit  in  high  or  low  frequency.  The  camera  used 
here  is  an  M30,  from  JAI.  It  enables  a  FIELD  integration 
mode  with  frequency  up  to  180/360  images  per  second. 
Unfortunately,  in  such  a  case  the  image  resolution  is  lim¬ 
ited  to  752*120/66  pixels. 

For  both  acquisition  systems,  images  are  processed  on 
PC  with  user-friendly  windows  based  software  that  has 
been  developed  under  the  DELPHI  environment.  The 
software  provide  raw  data  analysis  as  well  as  statistical 
data  and  histograms  such  as  those  presented  in  Figure  8. 

3.  EXPERIMENTAL  RESULTS  AND  DISCUSSIONS 
3.1  Flow  regime  under  study 

Different  ways  are  use  to  characterize  the  global  fluidiza¬ 
tion  regime.  In  Figure  4,  the  evolution  of  the  pressure 
fluctuation  and  mean  pressure  in  the  riser  is  plotted  versus 
the  superficial  gas  velocity.  Pressure  is  measured  at  a 
middle  position  in  the  riser:  Z/H=0.385,  X/H=Y/H=0.5 
and  for  60±9  pm  glass  beads.  Classically  an  increase  in 
the  pressure  fluctuation  amplitude  with  the  superficial  gas 
velocity  is  first  observed,  it  afterwards  reaches  a  plateau 
and  suddenly  drops  out.  Yerushalmi  (1986),  Kunni  et  al 
(1995),  characterize  this  transition  in  terms  of  two  veloci¬ 
ties.  Uc,  at  which  the  pressure  fluctuations  and  the  bed  het¬ 
erogeneity  are  maximum,  and,  u^  at  which  the  pressure 
fluctuations  level  off,  and  which  mark  the  onset  of  the  tur¬ 
bulent  regime.  Figure  5  presents  the  evolution  of  the 
global  solid  mass  flux  recirculation,  Gs,  with  superficial 
gas  velocity.  The  sharp  increase  in  the  solid  mass  flux 
marks  the  circulating  regime,  Lounge  (1997).  In  the  pres- 


PDA  acquisition 


Figure  2  Experimental  setup  for  PIV  system  working  at  video 
frequency  and  high  resolution. 
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Figure  4  Evolution  of  the  mean  pressure  and  its  fluctuations 
with  the  superficial  gas  velocity.  Pressure  was  measured  at  a 
middle  position  in  the  riser:  Z/H=0.385,  X/H=Y/H=0.5  and 
for  60  pm  glass  beads.  Evolution  of  the  solid  flux  Gs  is  also 


Figure  5  Evolution  of  the  global  solids  mass  flux  with  the  su- 
perficial  gas  velocity.  _ _ _ ; 
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Figure  6  Axial  velocity  profile  obtain  with  PIV  and  PDA  for 
fluidized  glass  beads  of  60  pm  mean  diameter,  with 
Z/H =0.385,  Y/H=0.5,  X/D=0.7..1. 


ent  study,  for  the  60pm  particles  and  measurement  riser 
center,  it  has  been  observed  that  for  a  middle  height  in  the 
riser,  PDA  and  PIV  measurements  were  almost  not  possi¬ 
ble  for  a  superficial  gas  velocity  above  0.35  to  0.45  m/s, 
due  to  beam  attenuation  and  multiple  scattering  effects 
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Figure  7  Mean  velocity  vectors  map  corresponding  to  case  for 
Up0.35  m/s  in  figure  6. 

(which  corresponds  to  an  average  local  mean  volume 
concentration  in  particles  below  of  0.1%).  Thus  our  re¬ 
sults  report  here  on  regimes  down  to  the  turbulent  off  set 
regime. 

3.2  Velocity  profiles 

Figure  6,  shows  the  evolution  of  the  axial  velocity  com¬ 
ponent,  U,  versus  the  normalized  radial  distance  X/D,  for 
different  superficial  gas  velocities,  according  to  PDA  and 
PIV.  PDA  statistics  are  performed  over  5000  validated 
particles.  PIV  profiles  have  been  calculated  by  averaging 
250  velocity  vectors  maps  measured  every  second  in  order 
to  decrease  the  sensitivity  of  the  mean  velocity  profile  to  a 
particular  temporal  structure  in  the  bed.  Good  agreement 
is  found  between  PDA  and  PIV  predictions,  except  near 
the  wall  (X/D=l).  This  slight  discrepancy  may  be  attrib¬ 
uted  to  the  large  window  size  used  to  perform  the  image 
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Figure  8  From  up  to  down  we  found:  the  number  fraction  of 
vectors  per  class  versus  the  axial  and  transverse  velocity 
component,  vectors  angular  orientation  and  speed,  for  an  in¬ 
stantaneous  measurement  (Figure  9  (c))  and  parameters  cor¬ 
responding  to  Figure  7. 
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Figure  9  Tomographic  sequence  of  a  gas  bubbles  moving  up  in  the  riser  and  interacting  with  a  cluster  of  particles  moving  down 
at  the  wall.  The  corresponding  2D  vectors  maps  obtain  with  PIV  are  plotted  on  the  right  side.  The  images  are  successively  de¬ 
layed  in  time  of  40ms.  The  fields  dimension  and  location  is  83*63  mm  and  Z/H=0,385,  X/L=0.69...1,  Y/L=0.5,  Uf=0.35m/s. 


intercorrelation  (32*32  pixels  #  3*3mm)  which  tends  to  reported  in  the  literature  for  solid  velocity  profiles  in 
smooth  the  sharp  intensity  profile  in  this  region.  CFB.  A  maximum  in  the  velocity  profiles  is  observed  for 

From  the  previous  figure  one  may  notice  the  unusual  typically  X/D=0.9;  it  increases  with  the  superficial  gas 

shape  for  the  velocity  profiles,  which  deviates  signifi-  velocity.  Van  deen  Moortel  (1998)  has  shown  that  this 

cantly  From  the  parabolic  shape  reported  for  higher  super-  behavior  is  amplified  with  height  in  the  riser  too. 
ficial  gas  velocity  by  Azario  et  al  (1995)  that  is  commonly 
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Figure  10  Tomographic  sequence  of  a  gas  bubbles  moving  up 
in  the  riser  and  the  disperse  solid  phase  with  the  correspond¬ 
ing  2D  vectors  map  obtain  with  PIV.  The  images  (a),  to  (k), 
are  successively  delayed  in  time  of  40,  40,  40,  40,  80,  160, 
120,  120,  120  ms.  The  fields  dimension  and  location  is  48*36 
mm  and  Z/H=0,385,  X/L=0.641,  Y/L=0.39...0.89,  Uf=0.27m/s 


Figure  7  presents  the  velocity  vectors  map  corresponding 
to  case  (b)  in  figure  6.  The  3  zones  are  also  clearly  ob¬ 
served:  solids  move  up  in  the  riser  center  with  a  low  mean 
velocity,  far  smaller  than  the  terminal  particles  velocity, 
Up0.28m/s;  particles  drops  at  the  wall  with  a  velocity 
close  to  Ut;  which  may  be  explained  by  a  zero  velocity  for 
the  gas  at  the  wall;  and  an  intermediate  region,  that  may 
be  considered  as  a  channeling  region  where  solids  can 
move  up  to  2  times  the  mean  velocity  at  the  solids  at  the 
flow  center.  This  deviation  from  the  usual  core-annulus 
modeling  of  axial  velocity  profiles  is  obviously  an  average 
phenomenon.  Figure  8  shows  some  typical  statistical  data 
obtained  for  an  instantaneous  velocity  vector  map:  the 
histograms  for  the  two  velocity  components,  the  vector 
orientation  and  speed.  The  spatial  velocity  fluctuations, 
Ob-  AJ  and  cv/V,  are  of  5.0  and  1.8  respectively. 

Note  that  all  the  results  presented  here  correspond  to  Rey¬ 
nolds  flow  numbers  (pDUf  /jj.)  between  3500  and  5300 
and  Archimedes  numbers  about  77. 
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3.3  Review  of  some  mechanisms  induce  by  gas  bub¬ 
bles  on  the  solid  phase  heterogeneity 

Figure  9  presents  a  sequence  of  3  tomographic  images 
of  the  solid  phase  distribution  in  the  laser  sheet  with  di¬ 
mensions  83*63  mm  and  location:  Z/H=0,385, 
X/L=0.81...1,  Y/L=0.5.  The  superficial  gas  velocity  is  of 
Up0.35m/s.  In  these  images  and  the  related  2D  velocity 
fields,  two  basic  phenomena  are  observed:  a  gas  bubble 
moving  up  in  the  riser  near  the  wall  and  its  interaction 
with  a  particle  cluster  falling  at  the  wall.  In  these  images, 
bubbles  are  identified  as  regions  of  low  concentration  in 
particles  (dark  regions)  and  clusters  as  unlighted  regions. 
Note  that  the  image  contrast  has  slightly  increased  to  ob¬ 
tain  a  better  visual  understanding  of  the  flow  structure.  So, 
nominally,  dark  regions  contains  few  particles.  We  may 
note  several  things: 

-The  few  particles  inside  the  bubble  have  an  axial  ve¬ 
locity  far  higher  than  the  superficial  gas  velocity  (about  2 
times),  and  about  10  times  higher  than  the  mean  solid  ve¬ 
locity. 

-The  cluster  at  the  wall  moves  in  an  opposite  direction 
to  the  gas  bubble  with  a  velocity  magnitude  of  the  same 
order. 

-The  cluster  and  the  bubble  flows  are  separated  by  a 
region  of  zero  slip  velocity  that  is  clearly  shown  in  (d)  for 
instance. 

-Comparisons  between  the  velocity  vector  map  and 
tomographic  images  show  that  the  burst  of  velocity  corre¬ 
sponding  to  the  bubble  seems  to  propagate,  through  the 
dispersed  particles  in  front  of  the  bubble,  and  to  be  chan¬ 
neled  (and  may  be  accelerated)  by  the  cluster  at  the  wall 
and  the  gas-particle  flow  coming  from  the  center  of  the 
riser. 

-The  rear  of  the  bubble  is  not  as  well  defined  as  its 
front  part.  Nevertheless  the  velocity  vector  map  (f)  shows 
that  this  region  seems  to  correspond  a  region  or  vortices 
and  afterwards  of  low  velocity. 

Figure  10  shows  the  sequence  of  horizontal  tomo¬ 
graphies  of  a  gas  bubble  moving  up  in  the  riser  and  the 
disperse  solid  phase  for  a  lower  superficial  gas  velocity 
than  in  figure  9.  The  total  sequence  duration  is  of  0.64  s. 
The  field  dimension  and  location  in  the  riser  is  defined  by: 
48*36  mm,  Z/H=0,385,  X/L=0.64...1,  Y/L=0.39...0.89. 
Note  that  the  camera  was  fixed  at  a  60°  off-axis  angle 
from  the  laser  sheet  plane.  The  camera  objective  aperture 
f/D  ratio  was  set  to  16  to  increase  the  depth  of  view  and  to 
limit  image  distortion.  This  sequence  clearly  show  the  ef¬ 
fect  of  gas  bubbles  coming  from  the  dense  parts  of  the  bed 
on  solids  heterogeneity: 

-In  figure  (a)  the  solid  phase  is  homogeneously  dis¬ 
tributed  in  the  laser  sheet. 


-  In  figure  (b)  and  (c)  the  particles  flow  start  to  spin 
before  the  appearance  of  the  gas  bubbles  (i.e.  an  empty 
zone  of  particles). 

-  The  bubble  centrifuge  the  particles  and  thus  induce  a 
hole  (negligible  volume  fraction)  in  the  disperse  solid 
phase.  From  figure  (e)  the  angular  rotation  velocity  of  the 
first  ring  of  particles  is  estimated  to  be  about  1  and  1.5 
Hz. 

-  In  figure  (f)  to  (g)  the  bubble  come  near  the  wall.  It 
frontier  becomes  more  blurred.  It  may  be  thought  that  this 
sequence  corresponds  to  the  rear  of  the  bubble,  as  in  fig¬ 
ure  9  (d). 

Figure  1 1  focuses  on  the  possible  comparison  that  can 
be  made  on  time  series  obtained  with  the  PDA  system,  a 
pressure  probe  and  tomograpic  images  of  the  spatial  solids 
distribution.  The  PDA  time  series  corresponds  to  the  inter 
particle  time  delay  and  the  pressure  time  series,  to  pres¬ 
sure  fluctuations.  PDA  measurement  were  performed  5 
mm  below  the  pressure  probe  orifice.  Bubbles  are  clearly 
identified  from  the  PDA  series  by  a  window  of  low  data 
acquisition  and  large  inter  particle  time  delays  whereas, 
no  obvious  correlation  have  been  observed  with  the  pres¬ 
sure  signal.  The  power  spectrum  of  pressure  fluctuations, 
not  reported  here,  shows  a  maximum  with  a  large  fre¬ 
quency  bandwidth  around  3  Hz,  which  corresponds  to  a 
typical  frequency  observed  for  dense  bed  oscillations. 
This  emphasizes  the  assumption  that  the  pressure  meas¬ 
ured  here  is  probably  not  a  local  pressure  fluctuation  in¬ 
duce  by  bubbles  but  one  which  comes  from  the  dense  and 
lower  part  of  the  bed  and  which  propagates  along  the 
riser. 

4.  CONCLUSION 

Particle  Imaging  Velocimetry  (PIV)  has  for  the  first 
time  been  applied  here  to  the  study  of  the  hydrodynamics 
of  the  gas-solid  flow  in  a  circulating  fluidized  beds.  It  has 
been  shown  that  PIV  gives  reliable  velocity  profiles  and 
spatial  velocity  fluctuations  of  the  solid  phase  by  com¬ 
paring  results  obtained  with  a  one  component  Phase  Dop¬ 
pler  Anemometer.  PIV  appears  to  be  more  limited  in  par¬ 
ticle  concentrations  than  PDA,  limiting  flow  regime  in¬ 
vestigations  below  the  turbulent  fluidization  regime  for 
intermediate  positions  in  the  riser.  For  the  considered  flow 
regimes,  a  severe  deviation  of  the  solid  velocity  profiles 
from  the  core-annulus  model  has  been  reported. 
Qualitative  comparisons  of  tomographic  images  with 
PDA  time  series  have  been  used  to  evaluate  the  possibility 
of  obtaining  reliable  statistics  on  bubbles  and  particle 
clusters  and  thus  to  better  understanding  fundamental 
mechanisms  of  the  formation  of  heterogeneity  in  the  dis¬ 
perse  solid  phase. 
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Figure  1 1  Tomographic  sequence  on  a  gas  bubble  moving  up  in  the  riser,  the  corresponding  inter  arrival  particles  time  series  ob¬ 
tain  from  the  PDA  system,  and  the  pressure  fluctuations.  The  images  dimension  and  location  are  83*63  mm  and  Z/H=0.385, 
X/L=0.8 1 ...  1 ,  Y/L=0.5,  Uf=0.35  m/s. 


5.  ACKNOWLEDGMENTS 

The  authors  are  grateful  to  the  CNIM  Co.,  Environmental 
Department  (La  Seyne-sur-Mer,  France)  and  the  Region 
Provence- Alpes-Cotes  d’Azur  for  providing  partial  finan¬ 
cial  support  for  this  work  and  to  Roland  Faure,  for  the 
building  of  the  synchronization  box. 


6.  REFERENCES 

Azario  E„  Tadrist  L.,  Pantaloni  J.,  Catthieuw  P„  Velocity 
analysis  of  solids  phase  in  circulating  fluidized  ber  using 
phase  Doppler  analyser,  Fluidisation  XIII,  Tours,  France, 
1995. 

Cattieuw  P.,  Etude  experimentale  des  ecoulements  gaz 
particules  dans  un  lit  fluidise  circulant .  PhD  thesis.  Uni¬ 
versity  de  Provence,  France,  1992. 

Horio  M.,  Hydrodynamics,  in  Circulating  Fluidized  Beds, 
Grace  J.R.,  Avidian  A.A.  and  Rnowlton  T.M.  (Edts), 
Blackie  Academic  &  professional  Press,  London  1997, 
pp21-85. 

Lounge  M.,  Experimental  Techniques,  in  Circulating 
Fluidized  Beds.  Grace  J.R.,  Avidian  A.A.  and  Knowlton 


T.M.  (Edts),  Blackie  Academic  &  professional  Press, 
London  1997,  pp312-358. 

Yerushalmi  J.,  High  velocity  fluidized  beds,  in  Gas  Flu- 
idiyation  technology,  chapter  7,  Ed.  Geldart  D.,  John  & 
Willey  sons,  1986. 

Kunni  D.  and  Levenspiel  O.,  Fluidization  Engineering, 
Butterworth-Heinemann  (ed.),  Stoneham  MA,  1991. 

Onoffi  F.,  Prise  en  compte  de  la  dimension  finie  des  fais- 
ceaux  d'eclairage  en  granulometrie  optique:  anemometrie 
phase  Doppler-  Diagnostics  des  ecoulements  dipha- 
siques ,  PhD  thesis,  Universite  de  Rouen,  France,  Nov. 
1995. 

Onoffi  F.,  Developpement  d’une  chaine  de  Velocimetrie 
par  Images  de  Particules,  Applications  aux  Lits  Ruidises 
Circulants,  Internal  report,  UMR  CNRS  6595-IUSTI, 
Aout  1997. 

Sankar  S.V,  Inenaga  A.  and  Bachalo  W.D.,  Trajectory  de¬ 
pendent  scattering  in  Phase  Doppler  interferometry: 
minimizing  and  eliminating  sizing  error,  6th  Int.  Sympo; 
sium  on  Application  of  laser  techniques  to  fluid  median: 
ics,  Lisbon,  Portugal,  July  20-23,  paper  12.2,  1992. 

Van  den  Moortel,  Analyse  locale  et  ponctuelle  des 
ecoulements  gas-particules  dans  un  lit  fluidise  circulant : 
etude  experimentale  et  modelisation  de  la  formation  des 
amas,  Universite  de  Provence,  France,  PDA  thesis  that 
will  be  defended  in  Oct,  1998. 


24.5.8 


INVESTIGATION  OF  A  PARTICLE  LADEN  WAKE  FLOW  BY  MEANS  OF  PARTICLE 

IMAGE  VELOCIMETRY 

T.J.  Moller  and  K.A.  Btitefisch 


German  Aerospace  Center  -  DLR,  Institut  fur  Stromungsmechanik,  BunsenstraBe  10,  D-37073  Gottingen,  Germany 


ABSTRACT 

The  flow  of  particles  in  the  wake  of  a  bluff 
body  has  been  studied  experimentally  by  means  of 
particle  image  velocimetry  (PIV)  to  improve  the 
understanding  of  complex  turbulent  particle  laden 
flows.  Hence  it  was  possible  to  obtain  the  instantaneous 
velocity  field  of  the  dispersed  phase.  To  achieve 
knowledge  of  the  influence  of  the  Stokes-Number  St  on 
the  particle  flow  the  particle  diameter  has  been  varied. 
Also  different  Reynolds-Numbers  of  the  mean  flow,  i.e. 
mean  velocities  have  been  utilised  in  this  investigation. 
Since  the  particle/fluid  density  ration  has  been  chosen 
high,  possible  effects  due  to  gravity  should  be 
noticeable  in  the  experiments. 


1.  INTRODUCTION 

The  motion  of  particles  in  turbulent  flows  is  of 
interest  in  many  fields  of  technical  applications  ranging 
from  combustion  and  environmental  processes  to 
process  engineering.  Therefore  many  experimental  and 
theoretical  publications  have  covered  the  field  in  the 
past.  A  recent  survey  on  the  numerical  aspects  of 
particle  motion  in  turbulent  flows  is  given  by 
Elghobashi  (1994).  Snyder  and  Lumley  (1971)  and 
Wells  and  Stock  (1983)  studied  experimentally  the 
motion  of  particles  in  a  grid  generated  simple  turbulent 
flow.  In  both  studies  Laser  Doppler  Velocimetry  (LDV) 
has  been  used  to  determine  the  particle  velocity  and 
particle  dispersion.  Investigations  of  turbulent  wakes 
generated  by  the  flow  of  particles  past  objects  in 
opposite  are  rarely  found  in  the  literature.  Tang  et  al. 


(1992)  presented  a  numerical  study  of  particle 
dispersion  the  wake  flow  of  a  bluff  body.  Stock  (1996) 
noticed  in  his  survey  the  need  for  experimental  studies 
of  particles  motion  in  wake  flows.  An  example  for  the 
technical  significance  of  this  type  of  particle  laden 
flows  in  environmental  processes  is  presented  by 
Horlbeck  et  al.  (1995). 

The  purpose  of  this  paper  is  to  show  the 
influence  of  particle  inertia  and  velocity  on  the  resulting 
particle  flow,  i.e.  the  effect  of  Stokes-  and  Reynolds- 
number.  The  present  paper  demonstrates  the  application 
of  PIV  to  particle  laden  flow.  From  the  PIV  data  the 
influence  of  particle  initial  velocity  and  particle 
diameter  on  the  flow  of  particles  in  the  wake  of  a  bluff 
body  is  determined.  Furthermore  from  the  velocity  data 
possible  effects  of  gravity  on  the  particle  flow  can  be 
observed.  First  results  of  the  presented  investigation  are 
reported  by  Moller  et  al.  (1997). 

2.  PARTICLE  MOTION 

The  behaviour  of  particles  in  a  gas  flow  is 
governed  by  particle  inertia  and  the  interaction  with  the 
turbulent  fluid  surrounding  it.  Consider  a  small 
diameter  in  the  range  of  pm,  rigid,  spherical  particle  the 
inertia  of  such  a  particle  can  be  characterised  by  its 
aerodynamic  particle  response  time  xp.  It  is  defined  for 
a  particle  with  radius  rp  as: 


T  P  9  VPy 
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Where  pp  denotes  the  particle  density,  the  pf 
fluid  density,  the  r  particle  radius  and  v  the  fluid 
viscosity.  This  expression  can  be  interpreted  as  the  time 
needed  for  the  particle  to  react  to  fluctuations  of 
velocity  of  the  continuos  phase.  The  above  definition  is 
based  on  flow  in  the  Stokes  regime.  A  corresponding 
fluid  time  scale  rf  for  this  problem  can  be  defined  by  a 
typical  lengthscale  L  and  the  fluid  mean  velocity  Uf  . 
This  yields  to  rf=L/Uf.  The  ratio  of  these  time  scales 
then  defines  the  Stokes  number  St: 


The  particle  Reynolds  number  Rep  is  defined  as: 


ReP  = 


2  rpUp 


where  Up  is  the  velocity  of  the  particle.  In  the 
experiments  presented  in  this  paper  the  Stokes-number 
has  been  varied  between  0.1  and  19  and  the  particle 
Reynolds-number  between  0.5  and  10.5. 

The  influence  of  gravity  on  the  particle  flow 
can  be  characterised  by  the  so  called  drift  velocity  u ^ 
which  is  defined  as: 


Ud=8Xp 

here  g  denotes  the  acceleration  due  to  gravity. 


3.  EXPERIMENTAL  SET-UP 
3.1  Wind  tunnel 

The  present  experiments  were  carried  out  at  a 
low  speed  windtunnel  of  the  DLR  Gottingen  (s.  fig.  1). 
The  test  section  of  this  wind  tunnel  has  a  cross-section 
of  30  x  30  cm2.  In  the  present  investigation  flow 
velocities  between  2.5  m/s  and  4.5  m/s  have  been 
employed.  The  flow  can  be  observed  through  glass 
windows  which  are  the  side  walls  of  the  wind  tunnel  in 
the  region  of  the  test  section. 

Different  turbulence  grids  can  be  installed  near 
the  end  of  the  nozzle  of  the  windtunnel  in  order  to 
generate  turbulence.  The  results  presented  in  this  paper 
have  been  obtained  employing  a  grid  wit  23.5  mm  mesh 


size  and  a  rod  diameter  of  2.5  mm.  The  distance 
between  observation  area  and  the  grid  was  560  rod 
diameters.  Hot  wire  measurements  give  a  turbulence 
intensity  of  3.5%  measured  in  the  area  of  the  PIV  plane. 
This  measurements  have  been  performed  to  make  sure 
the  turbulent  properties  and  the  absolute  value  of 
velocity  of  the  continuous  flow  is  distributed 
homogeneously  within  the  PIV  plane. 


Tuxtoufence 


Figure  1  Schematic  view  of  the  windtunnel 


In  the  testsection  of  the  windtunnel  a 
rectangular  obstacle  has  been  mounted.  The  dimension 
of  this  obstacle  are  0.1  m  in  (x)-direction,  0.3  m  in  y- 
direction  and  0.01  m  in  z-direction  ( D  is  the  body 
thickness)  yielding  a  blockage  of  3.3  percent.  Figure  3 
shows  the  set-up  and  the  here  used  co-ordinate  system. 
The  obstacle  has  been  installed  840  mm  downstream  of 
the  turbulence  grids. 


Figure  2  co-ordinate  system  and  sketch  of  testsection 
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3.2  Particles 

The  particles  employed  in  this  study  are 
siliciumcarbid  (SiC)  particles,  which  density  is  3210 
kg/m3.  This  means  a  ratio  of  particle  density  pp  to  fluid 
density  Pf  of  2666. 


table  1:  parameter  of  the  investigated  particles 


dp  [pm] 

Tp  [10‘3  ms] 

Ud  [m/s] 

3 

0.089 

8.7  10'4 

8 

0.63 

6.2  10'3 

30 

8.9 

8.7  10'2 

Where  dp  denotes  the  particle  diameter.  The 
flow  was  seeded  with  this  particles  in  the  settling 
chamber  upstream  of  the  screens  used  to  reduce  the 
turbulence  of  the  windtunnel.  Table  1  shows  the 
important  parameters  of  the  particles  used  in  the  present 
paper. 

By  a  numerical  calculation  it  has  been 
estimated  the  3pm  particles  follow  velocity  fluctuations 
of  the  continuous  flow  in  the  investigated  flow  region 
comparable  to  1pm  particles  within  the  scope  of  the 
resolution  of  the  applied  measurement  system.  Hence 
the  flow  field  of  the  3  pm  particles  represent  also  the 
flow  field  of  the  continuous  phase.  Therefore  it  is 
possible  to  make  sure,  the  result  for  different  particle 
diameters  are  effected  by  the  particle  properties  and  not 
influences  by  the  continuous  flow.  To  calculate  the 
trajectory  of  an  individual  particle  the  following 
instantaneous  particle  equations  have  to  be  solved 
numerically: 

dUp  _  [Uf(y(t),y)-Up]cd 
dt  x  '3 


Where  8  denotes  the  Kronecker  symbol  and  cd 
is  an  empirical  non-Stokesian  correlation  for  the  drag 
factor,  which  is  given  by: 


The  necessary  data  of  the  flow  field  has  been 
obtained  using  the  ResCUE  code  [s.  Skalicky  (1994)]. 
The  calculation  has  been  performed  for  particles  with 
lpm  and  3pm  diameter  and  yield  to  the  above 
described  results.  Details  about  this  calculations  is 
reported  by  Moller  (1996). 


3.3.  PIV  set-up 


To  determine  the  velocity  of  the  particles  the 
DLR  particle-image-velocimetry  (PIV)  system  has  been 
employed.  A  detailed  description  of  this  system  is  given 
by  Raffel  et  al.  (1998).  Figure  2  shows  the  optical  set¬ 
up  used  in  the  experiments.  The  particle  flow  is 
illuminated  by  a  Nd:YAG  Laser  with  a  pulse  length  of 
20  ns  and  energy  of  70  mJ  per  pulse.  The  scattered  light 
is  then  recorded  photographically  and  Kodak  T-MAX 
film  is  employed  for  the  presented  experiments.  The 
size  of  the  PIV  plane  was  5  by  7.5  cm.  To  improve 
focussing  of  the  PIV  image  in  the  film  plane  a  CCD 
chip  is  installed  in  the  camera.  Details  of  this  technique 
are  reported  by  Raffel  (1993). 

Analysis  of  the  PIV  images  was  performed  by 
digitising  each  film  negative  with  a  high-resolution 
scanner  at  2700  dpi.  The  displacements  vectors  were 
computed  by  local  cross-correlation  of  the  two 
interrogation  windows  of  the  PIV  recording,  as 
described  by  Willett  (1996).  The  interrogation  window 
size  was  64  x  64  pixel.  Hence  a  102  x  78  vector  field 
was  created  for  each  PIV  image. 


$ 


Figure  3  Experimental  set-up  for  piv  recording 


4.  RESULTS 


24  a  i  <15^0.687  s 

cd=- — (1  +  0.15  Re p  ) 

Re„ 


A  typical  PIV  result  for  an  instantaneous  flow 
field  is  displayed  in  fig.  4.  Here  the  flow  field  of  a  flow 
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with  particles  with  3  pm  diameter  and  a  mean  velocity 
of  2.5  m/s.  In  order  to  enhance  the  visibility  of  spatial 
structures  in  the  flow  field  the  mean  flow  velocity  Uo 
has  been  subtracted  from  the  u-component  in  fig.  4.  Fig. 
5  shows  a  flow  field  averaged  over  20  single  PIV 
results.  From  such  averaged  data  the  following  results 
have  been  obtained. 


2  m/s 


Figure  4:  instantaneous  flow  field  for  dp  =  3  pm  and  uo 
=  2.5  m/s. 


2  m/s 


Figure  5:  flow  field  averaged  over  20  single  PIV 
results,  dp  =  3  pm,  Uo  =  2.5  m/s. 


From  the  PIV  data  velocity  profiles  for  the 
position  x/D  =  5  have  been  determined.  Where  D  is  the 
obstacle  thickness,  which  is  0.01m  for  all  presented 
results.  Fig.  6-8  show  the  development  of  the  u- 


component  of  the  particle  velocity  across  the  PIV 
measuring  plane.  The  black  rectangle  within  the  figures 
symbolises  the  bluff  body. 


Figure  6:  velocity  profile  for  uo  —  2.5  m/s  and  x/D  —  5. 

In  the  case  of  uo  =  2.5  m/s  (s.  fig.  6  )  the 
minimum  velocity  umin  in  the  velocity  profile  differs 
only  slightly  for  3  and  8  pm  particles.  In  opposite  for 
30  pm  the  velocity  decay  is  significantly  smaller.  This 
could  be  explained  by  the  larger  particle  response  time 
xp  of  the  30  pm  diameter  particles. 

Fig  7  shows  the  data  for  uo  =  3.8  m/s.  Here  for 
all  three  investigated  particle  diameters  the  value  of  um„ 
is  clearly  different.  The  obvious  asymmetry  of  the 
velocity  profile  of  30  pm  particles  is  maybe  due  to 
gravity. 


Figure  7:  velocity  profile  for  uo  =  3.8  m/s  and  x/D  =  5. 
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In  the  case  uo  =  4.5  m/s  which  is  presented  in 
fig  8  the  velocity  profiles  for  the  different  particle 
diameters  differ  clearly.  A  comparison  of  Umin  for  this 
flow  velocity  with  the  values  of  u^n  in  the  case  of 
uo=3.8  m/s  shows  the  values  do  not  differ  significantly. 


Figure  8:  velocity  profile  for  u©  =  4.5  m/s  and  x/D  =  5. 

It  can  be  seen  clearly  the  particle  diameter 
influences  the  motion  of  the  particles  significantly.  The 
velocity  decay  in  the  wake  is  only  influenced  by  the 
particle  diameter,  i.e.  the  Stokes  number.  Also  the  width 
of  the  velocity  profile  is  effected  by  the  particle 
diameter.  Here  the  width  decreases  with  increasing 
particle  diameter.  This  results  supports  the  finding  of 
Tang  et  al.  (1992)  which  also  report  the  Stokes  number 
as  the  import  parameter  for  the  nature  of  this  type  of 
flow.  The  particle  initial  velocity  u0  in  opposite  seems 
not  to  dominate  the  flow  of  the  particles  around  the 
obstacle.  The  influence  of  the  particle  initial  velocity  u0 
is  present  when  looking  at  the  geometry  of  the  particle 
velocity  profile.  Where  a  higher  particle  initial  velocity 
uo  leads  to  increasing  deformations  of  the  velocity 
profile.  Also  the  differences  between  uroin  for  the 
different  particle  diameter  for  one  specific  initial 
velocity  are  on  a  small  scale  increasing  with  increasing 
initial  velocity. 

Furthermore  the  position  of  the  minimum 
velocity  umjn  is  influenced  by  the  drift  velocity  Uj.  An 
increasing  drift  velocity  leads  to  a  decreasing  z  position 
of  the  point  of  u  =  u^.  This  effect  could  be  explained 
by  the  influence  of  gravity,  since  the  particles  with  30 
pm  diameter  have  a  significant  drift  velocity  which  is 


102  time  larger  than  the  drift  velocity  of  1pm  diameter 
particles. 

5.  CONCLUSIONS 

A  turbulent  particle  laden  wake  flow  has  been 
investigated  experimentally  by  means  of  particle  image 
velocimetry.  To  determine  the  influence  of  particle 
diameter,  i.e.  Stokes  number,  and  particle  initial 
velocity,  i.e.  Reynolds  number,  these  parameters  have 
been  varied.  The  PIV  method  has  been  utilised  to 
determine  the  velocity  field  of  mono-disperse  particles 
with  different  diameters.  It  is  shown  the  PIV  technique 
has  been  adapted  successfully  to  this  problem.  From  the 
PIV  data  velocity  profiles  at  the  position  x/D=5  have 
been  established. 

The  experimental  data  shows  the  particle 
diameter  has  a  strong  influence  on  the  behaviour  of  the 
particle  laden  flow.  The  particle  diameter  rules  the 
minimum  velocity  within  the  wake  flow  just  as  the 
width  of  the  velocity  profile.  It  is  found  the  particle 
initial  velocity  in  opposite  has  only  little  influence  on 
the  velocity  profiles.  The  geometry  of  the  velocity 
profile  is  slightly  effected  by  the  particle  initial 
velocity.  Just  as  the  difference  of  umin  for  different 
particle  diameters  for  one  initial  velocity.  Nevertheless 
the  appearance  of  the  velocity  profile  is  mainly 
dominated  by  the  particle  diameter. 

The  PIV  results  where  able  to  show  clearly  the 
influence  of  particle  diameter  on  the  velocity  defect 
within  the  wake  is  much  stronger  than  the  effect  of  the 
particle  initial  velocity.  Furthermore  an  influence  of 
gravity  has  been  determined  by  the  experimental 
results.  The  position  of  the  point  with  ly,  in  the 
velocity  profile  moves  downwards  in  direction  of 
gravity  with  increasing  particle  diameter,  i.e.  drift 
velocity. 
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ABSTRACT 

Flame  front  imaging  by  Spontaneous  Emission 
Spectroscopy  technique  and  instantaneous  aerodynamic 
field  by  PIV  measurements  are  made  simultaneously  in  a 
turbulent  non-premixed  methane/air  flame  stabilized  by 
the  wake  effect  of  a  bluff-body.  In  order  to  study 
correlations  between  aerodynamic  and  flame  front 
location  we  have  developed  post-processing  tools  for 
image  analysis  and  velocity  fields  processing.  These 
tools  are  put  together  in  a  software  called  PopPIV  which 
allows  also  to  carry  out  statistics  on  velocity  fields. 
Comparison  between  mean  velocity  and  RMS  fields 
obtained  by  PIV  with  previous  LDV  measurements  has 
clearly  shown  the  bias  induced  by  PIV  measurements 
when  large  velocity  gradients  are  present  in  the 
interrogation  window. 

Dual  imaging  techniques  experiment  and  image  post¬ 
processing  tools  development,  have  allowed  us  to  put 
forward  a  scenario  of  the  ejection  of  burning  structures 
from  the  recirculation  zone  and  their  convection 
downstream  of  the  flow  leading  the  flame  stabilization. 

1.  INTRODUCTION 

Experimental  study  of  interaction  between  chemistry 
and  fluid  mechanics  in  non-premixed  turbulent  flame  is 
of  great  interest  to  characterize  complex  phenomena 
governing  flame  stabilization  mechanisms  in  industrial 
natural  gas  flames.  For  this  purpose,  simplified 
industrial-like  bluff-body  model  burners  have  been  the 
subject  of  several  studies  at  Gaz  de  France,  see  for 
example  Neveu  et  al.  (1994),  Mokaddem  et  al.  (1997), 
Susset  et  al.  (1996).  For  such  a  burner,  stabilization  of 
the  flame  is  obtained  by  the  wake  effect  of  the  obstacle 


on  the  flow,  generating  a  recirculation  zone  downstream 
from  the  burner  exit  where  methane  and  air  are  mixed. 
Mokaddem  et  al.  (1997)  in  previous  experiments  of 
flame  front  visualizations  by  Spontaneous  Emission 
Spectroscopy  (SES)  technique  have  observed  a  quasi- 
periodic  ejection  of  burning  gas  packets  from  the 
recirculation  zone.  While  instantaneous  PIV  velocity 
field  measurements  by  Susset  et  al.  (1996)  have 
demonstrated  the  presence  of  several  unstationary 
coherent  structures  in  the  flow. 

In  the  present  study,  we  have  carried  out  simultaneously 
flame  front  imaging  by  SES  technique  and  instantaneous 
velocity  field  measurements  by  PIV  in  order  to  study 
spatio-temporal  correlation  between  instantaneous  flow 
aerodynamic  and  flame  front  location. 

2.  EXPERIMENTAL  SETUP 

2.1.  Burner  Description  and  Case  Studied 

Several  geometries  of  axisymetric  bluff-body  burner 
have  been  already  the  subject  of  numerous  studies,  see 
for  example  Perrin  et  al.  (1990)  and  Schefer 
et  al.  (1996). 

Figure  1  shows  the  geometric  characteristics  of  the 
burner.  The  studied  case  corresponds  to  a  bulk  flow 
velocity  of  21  m/s  in  the  central  methane  jet,  and  7.5  m/s 
in  the  annular  jet  of  air.  This  case  was  studied  in 
reactive  conditions,  without  any  confinement.  The 
Reynolds  Number  found  in  the  methane  and  air  jets  are 
7000  and  3300  respectively. 
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Fig.  1  Geometric  characteristics  of  the  burner. 

2.2.  Experimental  set-up  and  Synchronization 

The  experimental  set-up  is  presented  on  figure  2.  The 
intensified  CCD  camera  (Proxitronic  Nanocam)  is 
synchronized  by  the  PIV  camera  video  signal.  The  PIV 
camera  (Lhesa  LH510  VI)  drives  both  the  multi-cavities 
Nd-Yag  laser  and  the  intensified  CCD  camera.  Each 
sequence  of  250  PIV  images  are  digitized  at  video  rate 
whereas  flame  front  images  are  saved  on  a  video  tape 
recorder  and  digitized  later.  A  photographic  flash  lamp 
triggered  at  the  beginning  of  the  sequence  is  used  as  a 
temporal  reference  signal  to  rebuild  synchronicity  of  the 
two  images  series.  The  exposure  control  being  limited  to 
the  odd  field  in  triggered  mode,  the  CCD  sensor  of  the 
PIV  camera  is  operated  in  un-shuttered  mode.  However, 
to  improve  the  quality  of  the  recorded  signal,  an 
interferential  filter  is  used  (@  532  ±  10  nm),  in  order  to 
eliminate  most  of  the  radiations  from  the  flame  and  the 
hot  particles.  The  field  of  view  covered  by  the  PIV 
camera  is  54x54  mm2  area,  seen  through  a  f:  1.2/50  mm 
lens  (Nikkor)  set  at  f:2. 

The  intensified  CCD  camera  is  fitted  out  with  a  narrow 
band  filter  (1  nm)  centered  at  516.5  nm  to  isolate  the 
bandhead  of  the  vibronic  transition  (dJIIg,  v’=0— »  a3Ilu, 
v”=0)  of  the  C2  Swan  System.  The  field  of  view 
covered  by  the  intensified  CCD  camera  is  68x68  mm2 
area,  seen  through  a  f:  1.2/50  mm  lens  (Computar)  set  at 
f:2.8.  In  order  to  avoid  image  reflections  caused  by  the 
metallic  coating  of  the  interferential  filters  it  is  required 
to  place  the  two  cameras  on  the  same  side.  The 
intensified  camera  is  placed  on  the  optical  axis 
perpendicular  to  the  laser  sheet.  Due  to  the  small  size  of 
the  cameras  and  their  lenses,  the  angle  between  the  two 
optical  axis  is  about  3°.  This  short  angle  and  the 
thickness  of  the  laser  sheet  (0.5  mm)  reduce  the  bias  for 
PIV  measurements  coming  from  the  velocity  component 
perpendicular  to  the  laser  sheet. 


Fig.  2  Simultaneous  double  imaging 
experimental  set-up. 


The  synchronization  timing  diagram  is  presented 
on  figure  3.  The  PIV  camera  drives  the  multi-cavities 
Nd-Yag  laser  shots  by  the  way  of  a  pulse  generator  (DG 
535  -  Stanford  research)  and  exposure  duration  (250  ps) 
of  the  intensified  CCD  camera  by  the  way  of  a  function 
generator  (DS345  -  Stanford  Research)  triggered  by 
VD/2  field  extracted  from  the  PIV  camera  video  signal. 
This  set-up  ensures  the  perfect  synchronicity  between 
the  acquisition  of  PIV  images  and  flame  front  images. 
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Fig.  3  Synchronization  timing  diagram. 


The  digitization  rate  (25  Hz)  enables  to  acquire  a  lot  of 
PIV/SES  images.  In  order  to  perform  statistics,  we 
choose  to  acquire  3000  pairs  of  PIV/SES  images. 
Figure  4  shows  an  example  of  rough  data  :  an  image  of 
the  flame  front  obtained  by  SES  on  a  left  side  and  an 
instantaneous  velocity  field  measured  by  intercorrelation 
of  two  PIV  images  on  the  right  side. 
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Fig.  4  :  SES  (left)  and  PIV  (right)  rough  data 
before  post-processing. 


These  data  need  to  be  post-processed  for  quantitative 
study  of  correlations  between  flame  front  position  and 
aerodynamic.  The  next  part  presents  algorithms  and 
tools  developed  for  the  post-processing  of  rough  data 
presented  on  figure  4. 


3.  POST-PROCESSING  TOOLS 

3.1.  Post-Processing  of  SES  Images. 

Due  to  the  integration  along  the  optical  line  of  sight  of 
C2  chemiluminescence  in  the  unstationary  flame, 
instantaneous  images  did  not  revealed  the  distribution  of 
the  flame  front  within  the  laser  plane.  Then  care  must  be 
taken  when  analysing  the  correlation  between  planar 
PIV  measurements  and  integrated  flame  front  images. 
Moreover  the  poor  quality  of  SES  images  recorded 
(intensification  noise,  Mie  scattering  of  particles,  video 
recording  noise)  leads  us  to  extract  only  qualitative 
information  of  the  local  presence  or  absence  of  the 
flame.  For  this  purpose,  four  post-processing  steps  have 
been  defined  to  obtain  finally  binary  images  where  0 
corresponds  to  a  non-reactive  region  and  1  to  a  reactive 
one. 

Binarization.  This  first  step  is  currently  used  in  image 
processing  techniques.  Its  aim  is  to  reduce  the  dynamic 
of  the  image  in  order  to  keep  only  a  desired  information. 
Figure  5  shows  the  result  of  binarization. 


Fig.  5  :  Binary  image 


Erosion.  This  step  is  used  to  filter  the  noise  in  the  binary 
image.  Each  pixel  at  1  near  a  pixel  at  0  become  nil.  Only 
pixels  at  1  without  neighbors  at  0  stay  at  1. 

Figure  6  shows  the  result  of  erosion. 


Fig.  6  :  Binary  image  after  erosion. 

Average  5x5.  This  step  is  used  to  soften  the  image  of 
Mie  scattering  particles  which  have  not  been  filtered  by 
erosion.  This  operation  is  a  low  band  spatial  filter  which 
consist  in  assigning  at  a  pixel  the  average  grey  level 
calculated  over  a  5x5  window  of  pixels.  Figure  7  shows 
the  result  of  averaging. 


Fig.  7  :  8  bit  level  grey  image  after  average  5x5. 

Fillfilter.  This  step  is  used  in  image  recognition  in  order 
to  decrease  the  disparity  of  grey  level  in  continuous 
shapes.  In  our  case  it  enables  to  extract  the  overall  shape 
of  the  flame  front.  The  fillfilter  algorithm  contains  3 
steps.  First  the  image  is  binarized.  Then  only  pixels  at  1 
having  a  neighbor  at  0  remain  at  1.  This  second  step  is 
used  to  determine  outlines.  Finally  all  pixels  at  0 
included  in  an  outline  are  set  to  1.  Figure  8  shows  the 
results  of  Fillfilter. 


Fig.  8  :  Final  image  after  the  Fillfilter  operation. 
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Some  steps  of  the  image  post-processing  require 
parameters  set  by  the  experimenter.  It  should  be  remind 
that  due  to  the  integration  along  the  optical  line  of  sight 
of  C2  chemiluminescence  and  the  poor  quality  of  SES 
images  recorded,  we  only  extract  qualitative  information 
of  burning  gases  location.  Nevertheless  our  post¬ 
processing  algorithm  has  been  validated  by  comparison 
between  the  averaged  image  of  1000  post-processed 
images  and  an  other  averaged  image  previously  obtained 
by  Mokaddem  et  al.  (1997)  in  better  recording 
conditions. 

3.2.  Post-Processing  Tools  for  PIV. 

PIV  data  post-processing  requires  to  use  post-processing 
parameters  such  as  scaling  factors,  threshold  filters, 
validations,  interpolation,  spatial  filter  grids  and  so  on. 
The  optimization  of  such  parameters  and  the  building  of 
an  appropriate  post-processing  scheme  is  a  key  asset  for 
the  use  of  PIV  velocity  fields  as  quantitative 
information.  Therefore  we  developed  a  software  called 
PopPIV  (POst-Processing  software  for  Particle  Image 
Velocimetry)  running  under  Windows  95/NT,  with  a 
graphical  interface  which  provides  a  visual  feedback 
that  allows  the  user  to  easily  and  rapidly  optimize  post¬ 
processing  parameters. 

Standard  functions. 

-  scaling  factors  :  the  user  loads  a  reference  image, 
selects  couples  of  pixel/real  points  for  the  automatic 
calculation  of  scaling  factors. 

-  experimental  settings  :  the  user  sets  pulse  separation 
delay,  scaling  factors,  pixel  translation,  time  and  scaling 
units.  When  experimental  settings  are  applied  to  a  vector 
field,  the  position  of  the  mouse  on  a  velocity  field 
indicates  in  real  time  the  position  and  velocity  in  real 
units. 

-  threshold  filter  :  the  user  sets  the  validity  ranges  on 
each  velocity  component  and  on  the  signal/noise  ratio. 

-  validation  filter  :  the  user  sets  a  grid  of  neighbors  (3x3 
3x5,  ...)  and  a  percentage  of  similarity.  For  each  vector 
of  the  field  man  processes  a  similarity  coefficient 
defined  as  : 


with  i  for  the  considered  vector, 
j  for  its  neighbors, 

0  =  angle  between  i  and  j  (  0<  ©  <  n  /  2), 
and  N  the  magnitude  of  the  velocity  vector 

This  approach  to  validation  may  remove  valid  as  well  as 
invalid  vectors  if  the  level  of  spurious  vectors  is  more 
than  moderate.  The  solution  to  this  problem  is  to 
perform  a  second  pass  through  the  data  using  only 


validated  values  to  compute  local  trends  for  comparison. 
Figure  9  shows  the  comparison  of  two  averaged  field 
(240  instantaneous  velocity  fields)  of  the  axial  velocity 
RMS  without  and  with  validation  filter  . 


without  validation  with  validation 


r  (mm) 

Fig.  9  :  Effects  of  the  validation  on  spurious  vectors 

It  is  obvious  that  the  validation  filter  removes  some 
spurious  vectors  which  can’t  be  erased  by  standard 
threshold  filters. 

-  interpolation  :  the  user  interpolates  filtered  velocity 
vectors.  This  interpolation  is  processed  from  nearest 
neighbors. 

-  spatial  filtering  :  the  user  chooses  the  size  (3x3,  5x3...) 
and  the  weight  values  of  the  numeric  grid.  Such  spatial 
filtering  can  be  used  as  a  smoothing  operator  (linear, 
gaussian, ...). 

-  derived  quantities  :  magnitude,  vorticity  and 
divergence  are  calculated  for  each  velocity  vector. 

All  the  parameters  of  these  standard  functions  can  be 
saved  and  recalled.  Each  function  can  be  used  several 
times  with  different  parameters  during  the  post¬ 
processing.  Therefore  PopPIV  enables  to  optimize  post¬ 
processing  parameters  thanks  to  the  feedback  provided 
by  the  graphical  interface.  Moreover  this  software 
allows  the  user  to  build  a  personalized  post-processing 
scheme  for  the  use  of  PIV  velocity  fields  as  quantitative 
information.  Figure  10  presents  the  resulting  velocity 
field  after  standard  post-processing  of  the  rough  velocity 
field  shown  figure  4. 


Fig.  10  :  Instantaneous  velocity  field 
post-processed  with  PopPIV 
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Once  the  post-processing  scheme  is  defined  it  can  be 
applied  to  an  unlimited  number  of  velocity  fields.  We 
also  develop  other  tools  that  can  be  applied  to  each 
velocity  vector  file : 

-  data  extraction  :  on  a  point,  a  line,  an  area. 

-  arithmetic  operations  between  velocity  fields. 

-  correlations  between  images  and  velocity  fields. 

The  development  of  hardware  performances  enables  to 
acquire  and  process  a  lot  of  PIV  velocity  fields.  Today 
we  can  and  shall  perform  statistics  on  such  data.  PopPIV 
also  integrates  statistics  tools  applied  to  an  unlimited 
number  of  velocity  vector  files  : 

-  Mean  velocity  field, 

-  RMS  field, 

-  Joint  PDF, 

-  Spatial  correlations  between  separate  points. 

Since  the  PopPIV  code  is  32  bit  built,  the  processing 
speed  is  very  high  :  about  10000  velocity  vectors  per 
second  on  a  standard  configuration  (PC  200  Mhz). 


In  order  to  validate  our  PIV  measurements  and 
processing  scheme  we  compare  on  figure  11  the  mean 
velocity  fields  obtained  by  PIV  on  the  present  study  with 
previous  LDV  measurements  performed  by  Neveu  et  al. 
(1994). 
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Fig.  1 1  :  Comparison  of  the  mean  dynamic  fields 
from  LDV  and  PIV. 


The  overall  structure  of  the  average  dynamic  field  is 
similar  for  the  two  methods.  The  wake  effect  of  the 
bluff-body  generates  a  recirculation  zone  downstream 
from  the  burner  exit  which  consists  of  a  centrifugal 
vortex  driven  by  the  methane  jet  and  a  centripetal  vortex 
driven  by  the  annular  air  jet. 

Main  difference  seen  in  the  central  fuel  jet  can  be 
attributed  to  the  lack  of  spatial  resolution  of  PIV  in 
comparison  with  the  strong  velocity  gradient.  Figure  12 
presents  the  interrogation  window  size  compared  to  the 
velocity  gradient  in  the  central  fuel  jet. 


r  (mm) 


Fig.  12  :  Mean  radial  profile  of  axial  velocities 
at  z  =  5.6  mm  (from  2167  PIV  velocity  fields). 

The  range  of  velocity  in  an  interrogation  window 
reaches  very  large  values  in  the  methane  jet  boundary 
(0.4  to  8.8  pixels  i.e.  1  to  22m/s).  The  loss  of  particle  in 
an  interrogation  window  between  the  two  successive 
images  increases  with  the  displacement  of  particles. 
Then  the  general  trend  is  to  favor  small  displacement 
measurements  rather  than  large  one  when  gradients  are 
strong.  This  bias  leads  to  decrease  the  width  of  the 
profile  thus  explains  the  difference  between  LDV  and 
PIV  measurements  for  the  central  fuel  jet  shape. 

Discrepancy  between  these  two  velocimetry  techniques 
can  also  be  observed  on  the  axial  velocity  RMS  fields 
presented  on  figure  13.  Main  difference  can  be 
attributed  to  the  combined  effect  of  velocity  gradient 
and  particle  spatial  distribution  inhomogeneity. 
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Fig.  13  :  Axial  velocity  RMS  fields  by  LDV  and  PIV. 

Let  us  consider  several  successive  PIV  measurements  in 
a  non-fluctuating  flow  with  a  large  velocity  gradient  in 
an  interrogation  window.  As  velocity  determined  by  PIV 
corresponds  to  the  most  probable  particle  displacement 
in  the  interrogation  window,  it  depends  on  particles 
spatial  distribution.  Therefore  particles  distribution 
inhomogeneities  in  the  interrogation  window  affect  the 
measured  instantaneous  velocity.  Then  even  though  the 
local  RMS  value  is  theoretically  nil,  this  bias  induces  a 
virtual  RMS  value.  This  analysis  has  to  be  validated  by 
theoretical  study  of  the  real  dynamic  and  spatial 
resolution  of  the  PIV  technique. 

In  the  studied  flow,  the  suggested  phenomenon  involves 
an  overestimation  of  the  RMS  value  of  velocity  on  the 
methane  jet  boundaries  downstream  from  the  burner  exit 
up  to  h  =  25  mm  (Figure  13).  Above  this  height,  the 
velocity  gradient  as  well  as  the  particles  distribution 
inhomogeneities  are  smaller,  then  this  bias  no  longer 
appears  and  the  RMS  value  obtained  by  PIV  is  quasi¬ 
equal  to  the  LDV  one.  Similar  effect  is  also  present  in 


the  air  jet  region.  These  experimental  bias  induced  by 
large  gradients  would  be  eliminated  by  decreasing  the 
interrogation  window  size  and  modifying  its  shape.  This 
can  be  realized  by  the  use  of  direct  correlation  algorithm 
and  interrogation  windows  offset,  see  Lecordier  (1997). 

4.  CORRELATIONS  BETWEEN  AERODYNAMIC 
AND  FLAME  FRONT  POSITION. 

4. 1 .  Processing  Method. 

As  mentioned  above  PopPIV  includes  specific  tools  for 
the  study  of  correlations  between  images  and  velocity 
vectors  field.  In  our  study  velocity  fields  are  re-sized  in 
the  corresponding  flame  front  image  coordinates.  After 
such  processing,  each  vector  is  classified  to  be 
«  reactive  »  or  «  non-reactive  ».  A  vector  is  defined  as  a 
«reactive »  one  if,  in  the  corresponding  flame  front 
image,  the  grey  level  averaged  over  the  area 
corresponding  to  the  PIV  interrogation  area  (32x32 
pixels)  is  greater  than  50%  of  pixel  at  1.  If  not,  the 
vector  is  defined  as  a  «  non-reactive  »  one.  Figure  14 
illustrates  this  procedure.  _ 

||  .  EVS«8VPIW145.«e . .  1) 


>50%  pixel  at  1  =>  «  reactive  »  vector 


Fig.  14  :  SES  image  and  PIV  field  matching  procedure, 
(black  :  reactive  vector  -  grey  :  non-reactive  vector) 
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4.2.  Statistical  Study 

Figure  15  presents  mean  velocity  fields  obtained  from 
«  reactive  »  and  «  non-reactive  »  vectors  averaged  over 
480  images. 


“non-reactive"  mean  velocity  field 


"reactive"  mean  velocity  field 
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Fig.  15  :  Mean  «  non-reactive  »  and  «  reactive  »  velocity 
fields  averaged  over  480  images. 

We  can  notice  that  the  main  difference  between  the 
« reactive »  and  « non-reactive »  averaged  field  is 
located  in  a  region  centered  at  r  =  20  mm  and  z  =  35 
mm.  Due  to  the  burner  axisymetric  geometry  even 
though  the  C2  chemiluminescence  signal  is  integrated 
along  the  optical  line  of  sight,  the  probability  to  observe 
burning  gases  located  in  the  laser  sheet  is  greater  far 
from  the  main  axis.  Then  there  is  no  doubt  that 
« reactive »  vectors  defined  in  the  region  of  interest 
come  from  the  matching  of  the  flame  with  the 
tomographic  PIV  plane. 


Simultaneous  local  measurements  of  velocity  and 
temperature,  previously  performed  by  LDV  and  FWCT 
(Fine  Wire  Compensated  Thermocouple),  have  shown  a 
bimodal  distribution  of  velocity/temperature  in  the  flow 
on  the  edge  of  the  recirculation  zone  Neveu  et  a.  (1994). 
We  also  find  such  a  bimodal  distribution  with  a  radial 
«  reactive  »  vector  component  smaller  than  the  «  non¬ 
reactive  »  one.  Figure  16  presents  local  LDV/FWCT 
measurements  at  r  =  20  mm  ;  z  =  35  mm  in  comparison 
with  « reactive »  and  « non-reactive »  velocities 
obtained  from  PIV/SES  experiment  by  averaging  over  a 
5x5  mm2  area  centered  on  the  same  location. 


Fig.  16  :  Bimodal  distribution  of  velocity/temperature 
for  different  simultaneous  techniques 


The  main  difference  between  the  absolute  velocity 
components  values  for  the  two  velocimetry  techniques 
can  be  attributed  to  the  averaging  over  the  region  of 
interest  for  PIV  measurements.  Moreover  the  velocity 
bimodal  distribution  determined  from  LDV/FWCT 
measurements  depends  on  temperature  (900  K  or 
1700  K)  whereas  for  PIV/SES  measurements  only  the 
qualitative  gas  state  (i.e.  «  reactive  »  or  «  non-reactive  ») 
is  taken  into  account.  However,  PIV/SES  results  seems 
to  find  again  such  intermittent  flame/flow  interaction. 

Regarding  to  such  velocity  distribution  we  put  forward 
that  a  burning  structure  is  ejected  from  the  recirculation 
zone  to  the  air  jet  and  then  convected  downstream  by  the 
air  flow.  Imaging  techniques  provide  more  information 
on  the  burning  structures  than  local  measurements  due 
to  spatial  correlation  of  data.  Regarding  to  instantaneous 
PIV/flame  front  image  pairs  and  to  illustrate  our 
hypothesis,  we  can  construct  a  sequence  of 
instantaneous  PIV/flame  front  image  pairs.  Figure  17 
shows  a  sequence  of  three  instantaneous  PIV/flame  front 
pairs.  However  due  to  image  acquisition  rate  (25  Hz) 
compared  to  flow  structures  velocity,  the  present 
PIV/SES  experiment  is  not  time  resolved.  Then  the 
suggested  scenario  can  not  be  validated.  For  this 
purpose,  new  post-processing  algorithms  dedicated  to 
coherent  structure  study  is  being  developed.  Jets  and 
vortices  are  coherent  structures  which  can  be  extracted 
from  instantaneous  PIV  measurements.  Their  study 
could  lead  to  determine  flow  phase  construction. 
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Fig.  17  :  Burning  structure  ejection  sequence  constructed  with  3  instantaneous  PIV/flame  front  image  pairs 


Moreover  a  simultaneous  time  resolved  SES  imaging 
and  PIV  measurements  will  be  realized  to  validate  these 
new  tools. 

5.  CONCLUSION 

We  have  shown  that  simultaneous  imaging  experiment 
could  give  precious  information  on  unstationary 
phenomena  of  interaction  between  chemistry  and  fluid 
mechanics  for  the  characterization  of  flame  stabilization. 
Development  of  specific  post-processing  tools  has  been 
required  to  extract  more  quantitative  information  from 
PIV  measurements.  Highlighting  of  experimental  bias  in 
PIV  results  due  to  large  velocity  gradients  in  the 
interrogation  windows  has  demonstrated  the  need  of 
new  velocity  calculation  protocols  for  the  application  of 
PIV  technique  in  complex  turbulent  flows.  However  it  is 
obvious  that  future  development  of  post-processing  tools 
based  on  instantaneous  velocity  fields,  such  as  temporal 
phase  construction  for  pattern  determination,  would  be 
the  next  challenge  to  exploit  the  fullness  of  information 
contained  in  PIV  data. 
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ABSTRACT 

Particle  Image  Velocimetry  (PIV)  and  Planar  Laser- 
Induced  Fluorescence  (PLIF)  of  the  OH  radical  are 
performed  in  a  lifted,  methane  transverse  jet  flame.  The 
measurements  are  carried  out  with  the  PLIF  images  acquired 
in  the  time  between  the  two  PIV  laser  pulses,  so  that  on  the 
fluid-mechanical  timescale,  the  images  are  effectively 
simultaneous.  PIV  is  obtained  using  twin  Nd:YAG  lasers 
and  cross-correlated  image  pairs;  OH  PLIF  is  obtained  using 
an  excimer-pumped  dye  laser  via  excitation  of  the  Q,(6)  line 
of  the  A  X  (1,0)  band.  OH  PLIF  images  are  corrected  for 
background  and  laser  sheet  profile.  Approximately  100 
PIV/OH  realizations  are  acquired  at  four  locations  (lee  and 
windward  sides  of  the  jet,  at  the  flamebase  and  at  1/2  the 
visible  flame  length)  in  a  jet  flame  with  jet-to-crossflow 
blowing  ratio  of  10.  At  the  flamebase,  both  instantaneous 
and  average  realizations  clearly  show  streamline  divergence 
upstream  of  the  flame  base  due  to  heat  release,  as  well  as 
acceleration  of  the  fluid  through  the  flame  base.  The  OH 
regions  at  the  flamebase  are  typically  quite  thick,  and  are 
often  broken  into  small  islands.  Flow  and  flame  interaction 
are  also  clear  in  the  instantaneous  data  at  the  1/2 
flamelength  position  further  downstream,  where  interactions 
with  vortices  are  clear  in  the  lab  frame  of  reference.  OH 
regions  at  the  1/2  flamelength  position,  are  generally  thin, 
sinuous  regions  but  are  occasionally  diffuse. 

1.  INTRODUCTION 

In  recent  years,  experimental  and  computational 
efforts  have  greatly  improved  understanding  of  the 
dynamics  of  flames,  especially  their  dependence  on,  and 
interaction  with,  the  velocity  and  scalar  fields  surrounding 
them.  Studies  of  the  effect  of  mixture  fraction  gradients 
(Ruetsch  et  al.  (1995)),  discrete  vortex  interaction  (Mueller 
et  al.  (1995),  Veynante  et  al.  (1994)),  and  steady  and 
oscillating  strain  rates  (Egolfopoulos  (1994),  Im  &  Chen 
(1997))  have  generally  found  strong  coupling  between  the 


flow  and  the  heat  release.  That  is,  not  only  do  the  upstream 
flow  and  mixture  fraction  fields  influence  the  flame,  but  the 
heat  release  due  to  combustion  directly  influences  the  flow 
approaching  and  departing  the  flame  reaction  zone.  Ruetsch 
et  al.  (1995)  found  that  not  only  does  an  upstream  mixture 
fraction  gradient  cause  a  laminar  flame  to  take  on  a  triple¬ 
flame  structure,  but  that  the  heat  release  and  curvature  of 
this  flame  allow  the  flame  to  propagate  faster  than  the 
laminar  flame  speed.  Mueller  et.  al  found  that  not  only  does 
an  approaching  vortex  stretch  a  flame  (possibly  to 
extinction),  but  that  the  heat  release  can  generate  vorticity  of 
the  opposite  sign  due  to  baroclinic  torque. 

It  is  generally  hoped  that  such  findings  may  improve 
understanding  of  turbulent  jet  flames.  Certainly  the 
presence  of  a  flame  influences  these  flows;  the  work  of 
Becker  &  Yamazaki  (1978),  Clemens  &  Paul  (1995)  and 
Rehm  &  Clemens  (1997)  show  that  burning  jets  have  lower 
entrainment  rates  and  show  less  quasi-periodic  coherency  of 
the  large-scale  vortices  than  the  non-burning  case. 
However,  if  an  understanding  of  these  effects  in  terms  of 
laminar  flame  dynamics  is  to  be  gained,  both  the  local  fluid 
flow  and  the  location  of  reaction  zones  must  be 
simultaneously  measured. 

In  the  present  work  we  describe  our  technique  for 
simultaneously  obtaining  images  of  the  OH  radical  field  in  a 
flow  and  the  local  velocity  field  surrounding  it.  We  then 
present  and  discuss  instantaneous  and  average  velocity  and 
OH  fields  in  several  regions  of  the  transverse  jet,  a  flow 
commonly  used  in  industrial  and  power  utility  boilers.  We 
identify  clear  influences  of  the  effects  of  the  heat  release  on 
the  flow.  We  also  identify  regions  of  the  flame  where 
instantaneous  strain  rates  in  the  flame  are  large  enough  to 
significantly  affect  the  flame. 


2.  EXPERIMENTAL  TECHNIQUES 
2.1  Flow  Apparatus 

A  schematic  of  the  experimental  arrangement  is 
shown  in  Figure  1.  The  flow  facility  is  a  vertical  indraft 
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tunnel  operating  at  1.65  m/s  with  a  50  x  50  cm  test  section 
and  rounded  inlet  with  2.5:1  contraction  ratio.  Two 
honeycombs  and  a  cascade  of  several  screens  straightens  the 
flow  and  reduces  the  freestream  turbulence  intensity 
(measured  using  a  hot-wire)  to  0.8%  without  the  use  of 
cross-stream  particle  seeders,  and  1.0%  when  in  use 
(measured  using  PIV).  The  tunnel  has  a  large  50  x  80  x 
0.63  cm  Pyrex  window  for  viewing  the  flow  on  the  front 
side,  and  a  15  x  15  x  0.95  cm  quartz  window  on  the  back, 
mounted  in  the  aluminum  walls.  The  back  tunnel  wall  is 
comprised  of  several  movable  plates  so  that  the  viewing 
area  may  be  easily  changed.  The  interior  of  the  wind  tunnel 
is  painted  black  to  reduce  reflections. 

The  99.0%  methane  jet  is  injected  normal  to  the 
crossflow  through  a  25  cm  long  tube  (6.35  mm  OD,  4.8  mm 
ID,  316  stainless  steel),  protruding  7  cm  into  the  wind 
tunnel.  The  jet  tube  is  located  within  an  annular  tube  (9.5 
mm  OD)  which  serves  as  a  hydrogen  pilot.  Without  the 
hydrogen  pilot,  the  flame  lifts  off  from  the  jet  exit  about  7 
cm.  A  blowing  ratio  of  r  =  [(p.uj)/(p.u.)]1,:!  =  10.1  (nominally 
r  =  10)  is  investigated,  with  jet-exit  Reynolds  number  of 
6250. 

Both  the  jet  and  crossflow  are  seeded  with  0.3pm 
(nominal)  alumina  (A1203)  particles,  using  fluidized-bed 
seeders  and  cyclones  for  agglomerate  removal.  The 
crossflow  is  seeded  upstream  of  the  tunnel  inlet  using  a  jet- 
ejector  system.  Two  heavily  seeded  air  jets  (1.8  cm  ID) 
spaced  12  cm  apart  are  directed  into  a  60  cm  long 
rectangular  channel  (25  cm  x  13  cm)  positioned  lm  below 
the  tunnel  inlet.  A  small  fan  near  the  inlet  assists  the 
entrainment  of  air  into  the  channel  and  the  mixing  with  the 
heavily-seeded  air.  A  honeycomb  at  the  channel  exit 
reduces  the  turbulence  of  the  exiting  flow,  producing  a 
uniform,  yet  dense,  distribution  of  particles.  The  fan  and 
the  jet  flowrates  are  set  so  that  the  flow  at  the  channel  exit  is 
approximately  equal  to  the  wind  tunnel  speed. 

2.2  OH  Imaging  System 

Due  to  the  presence  of  PIV  particles,  a  nonresonant 
excitation  strategy  is  required;  we  thus  excite  a  transition  in 
the  A2ST<— X2II  (1,0)  band  of  OH  near  283  nm,  and  collect 
fluorescence  in  the  (1,1)  and  (0,0)  bands  near  315  nm. 
Barlow  &  Collignon  (1991)  have  shown  that  for  the  Q,(6) 
line  of  this  band,  population  and  quenching  effects  in 
equilibrium  flames  largely  offset  each  other,  such  that  the 
fluorescence  signal  is  proportional  to  OH  concentration  to 
within  ±10%. 

The  elements  of  the  OH  imaging  system  are  shown 
in  Fig.  1.  A  Lambda-Physik  EMG-203  XeCl  excimer  laser 
pumps  a  Lambda-Physik  FL3002  dye  laser  using  Coumarin 
153  (540A)  dye,  producing  light  at  566nm  which  is 
frequency-doubled  to  283  nm  using  a  BBO  crystal.  At 
repition  rates  of  a  few  Hz,  pulse  energy  of  3  mJ/pulse  at  283 
nm  is  obtained,  but  this  falls  to  about  1.5  mJ/pulse  at  the 
15Hz  image  acquisition  speed  due  to  population  depletion 
in  the  excimer  laser.  A  spherical  lens  and  cylindrical  lens 
telescope  form  the  beam  into  a  non-expanding  sheet, 
approximately  40mm  tall  and  300  pm  thick  at  the  image 


region.  Fluorescence  is  captured  on  a  Princeton  Instruments 
512  x  512  pixel  Pentamax  camera  with  a  fiber-coupled 
MCP  intensifier  at  14.7  Hz  framing  rate.  The  camera  is 
equipped  with  a  Nikkor  f/4.5  105  mm  UV  lens,  a  Schott 
UG-5  filter  to  reject  flame  emission,  and  two  Schott  WG- 
305  filters  (1  mm  and  3  mm  thick)  to  reject  elastic  scattering 
from  the  particles.  Gating  the  intensifier  for  400  ns,  starting 
100  ns  before  the  arrival  of  the  laser  sheet  into  the  wind 
tunnel,  also  rejects  flame  emission.  The  viewing  region  is 
35  mm  on  a  side,  for  a  magnification  of  0.22.  Hereafter  this 
camera  and  laser  will  be  referred  to  as  the  “OH  camera”  and 
“OH  laser”,  respectively. 

Tuning  of  the  dye  laser  was  performed  using  the 
fundamental  beam  and  a  Burleigh  Instruments  pulsed 
wavemeter  (WA-4500),  and  by  using  a  laminar  flame, 
observing  OK  signal  on  the  camera  while  scanning  the  laser 
across  several  transitions.  When  the  laser  was  tuned  off  line 
center,  blank  images  were  acquired,  ensuring  that  no  soot 
scattering  or  broadband  fluorescence  from  other  species  was 
observed. 

The  OH  images  are  corrected  for  background  and 
mean  laser  sheet  profile,  but  because  the  data  are  used 
merely  to  identify  reaction  zones,  shot-to-shot  laser  sheet 
corrections  are  not  performed.  Although  quantitative  PLIF 
is  possible  in  principle  (see  the  discussion  section),  the  PIV 
particles  introduce  additional  uncertainty  due  to  laser  sheet 
extinction.  Signal-to-noise  ratio  for  peak  OH  levels  is 
approximately  5  without  pixel  binning.  For  purposes  of 
presentation  with  the  simultaneous  velocity  data,  the  OH 
data  is  binned  according  to  the  size  of  the  PIV  data  grid. 
With  64  x  64  data  points  in  the  PIV  grid,  this  results  in  a  6  x 
6  bin,  (0.4  mm  in  physical  space),  giving  an  effective 
signal-to-noise  ratio  of  30.  Smearing  caused  by  binning  is 
not  expected  to  be  serious  because  the  narrowest  OH 
structures  observed  in  the  original  images  are  >  1mm  thick. 

2.3  PIV  Imaging  System  and  Image  Processing 

The  PIV  system  in  this  study,  also  shown  in  Fig.  1, 
consists  of  a  dual-cavity  Nd:YAG  laser  (Spectra  Physics 
PIV-400,  400  mJ  pulse  at  532  nm  formed  into  a  300  pm 
thick  sheet),  a  high  resolution  CCD  camera  (1008  x  1018 
pixel  array,  Kodak  ES-1.0  interline  frame  transfer  camera 
with  105  mm  Nikkor  lens  at  f/5.6),  and  a  PC  with  frame 
grabber  to  acquire  and  process  the  images.  Hereafter,  this 
laser  and  camera  will  be  referred  to  as  the  “PIV  laser”,  and 
the  “PIV  camera”  to  distinguish  them  from  their  OH 
imaging  counterparts.  Like  the  OH  system,  the  two  frames 
are  acquired  at  14.7  Hz  framing  rate,  the  first  frame  being 
exposed  for  255  ps  and  the  second  frame  for  about  32ms. 
The  interline  architecture  of  the  ES-1.0  CCD  allows  for 
independent  images  to  be  taken  as  close  as  400  ns  apart,  but 
typical  laser  pulse  separation  is  10  -  40  ps.  The  first  PIV 
laser  pulse  arrives  two  microseconds  before  the  OH  laser 
pulse;  the  timing  is  set  using  a  Stanford  Research  Systems 
DG-535  digital  delay  generator. 

PIV  images  are  processed  using  the  Insight™ 
software  package  (ver.  1.34,  TSI  Inc.)  using  the  cross- 
correlated  subregions  (32  x  32  pixels)  of  frame-straddled 
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images.  Image  magnification  is  34.4  pixels/mm,  for  a  total 
viewed  area  of  29  mm  square.  With  about  50%  subregion 
overlap,  64  x  64  vectors  are  obtained,  for  about  1/2  mm 
resolution.  This  resolution  is  smaller  than  typical  strained 
diffusion  flame  thicknesses  (about  1-3  mm),  and 
comparable  to  the  Kolmogorov  scale  q/5  •  11  Re'3'4,  where  5 
is  the  local  jet  width.  Reynolds  number  is  a  weakly 
decreasing  function  of  distance  along  the  trajectory  of  the 
transverse  jet,  but  a  typical  value  for  the  present  case  is  t|  • 
0.5mm,  based  on  3  cm  local  jet  width  and  Re  =  6250. 


3.  DISCUSSION  OF  EXPERIMENTAL  ISSUES 
3.1  PIV  accuracy 

Issues  of  PIV  accuracy  in  flames  have  been 
discussed  at  length  in  previous  work  by  Muniz  &  Mungal 
(1996),  and  Hasselbrink,  et.  al  (1997,  1998).  The 
uncertainty  is  usually  dominated  by  thermophoresis  effects. 
Thermophoresis  is  a  phenomenon  in  which  a  particle 
experiences  a  force  opposite  the  direction  of  the  fluid 
temperature  gradient.  The  effects  of  thermo  phoresis  on 
velocity  measurements  in  flames  has  been  studied  by  Sung 
et  al.  (1994),  who  also  give  formulae  for  the  thermophoretic 
velocity  (valid  for  particles  smaller  than  1  pm  diameter). 
Based  on  these  formulae,  worst-case  thermophoretic 
velocities  (assuming  2000  K/mm  temperature  gradient  at 
1300  K,  using  air  properties)  in  flames  are  about  15  cm/sec. 
It  is  a  tempting  possibility  for  the  future  that  this  could  be 
corrected  using  the  simultaneous  OH  PLIF  images. 

The  other  major  PIV  uncertainty  is  due  to  subpixel 
resolution.  Westerweel  (1993)  finds  that  subpixel  resolution 
uncertainty  is  about  ±0.1  pixels,  about  ±9  cm/s  in  the 
present  case.  Furthermore,  when  there  are  strong  velocity 
gradients,  PIV  measurements  made  using  fixed  interrogation 
regions  are  biased  towards  lower  speeds  because  lower 
speed  particles  are  more  likely  to  remain  in  the  interrogation 
region. 

PIV  accuracy  is  also  affected  by  the  elimination  of 
spurious  vectors  and  the  interpolation  of  “dropouts”,  which 
arise  when  a  good  correlation  is  not  obtained.  Spurious 
vectors  are  eliminated  using  two  filters: 

(1)  Range  filter:  Checks  that  the  vectors  do  not  exceed 
reasonable  limits  on  the  u  and  v  displacements. 

(2)  Consistency  filter:  Checks  that  at  least  two  of  the  eight 
nearest  neighboring  vectors  have  displacements 
within  a  radius  of  2  pixels  of  the  vector  in  question. 

Both  of  these  filters  are  derived  from  the  experimental 
“rules  of  thumb”  for  good  PIV  set  down  by  Keane  &  Adrian 
(1990):  (1)  that  the  displacement  be  less  than  1/4  the 
interrogation  region  size,  and  (2)  that  the  displacement  vary 
less  than  a  few  percent  from  vector  to  vector. 

Although  average  data  yield  is  better  than  98%  for 
the  measurements  presented  here,  the  missing  vectors  need 
to  be  interpolated  from  their  neighbors  to  provide  a 
complete  field.  The  interpolation  scheme  used  is  a  2D 
linear  interpolation  method  which  solves  the  equations 
V2u=0,  V:v=0,  using  valid  vectors  as  Dirichlet  boundary 


conditions  and  the  edges  of  the  field  as  Neumann  boundary 
conditions.  The  solution  is  obtained  using  a  stable 
relaxation  method.  This  interpolation  method  is  simple  and 
overdamped  (i.e.,  the  maximum  and  minimum  values  of  the 
interpolated  values  are  within  the  range  of  the  valid 
vectors),  but  it  is  preferable  to  underdamped  methods  which 
can  generate  non-physical  fluctuations. 

3.2  OH  Imaging 

A  major  issue  with  OH  PLIF  imaging  is 
interpretation  of  the  images  as  an  indicator  of  combustion 
reactions.  OH  is  not  always  a  reliable  marker  of  where  fuel 
is  being  consumed,  because  although  OH  formation 
reactions  are  fast  (—20  j-ts),  the  recombination  reactions 
which  eliminate  OH  are  slow  (~  1-5  ms).  Hence  OH  tends 
to  linger  in  high  temperature  zones,  and  cannot  be 
considered  to  be  in  chemical  equilibrium  in  most  turbulent 
flows.  The  extent  to  which  equilibrium  is  expected  is 
characterized  by  the  Damkohler  number,  Da  =  Tnow/xteii.,  a 
ratio  of  characteristic  flow  and  chemical  timescales.  For  the 
present  flow  xnow  =  5/U  •  2ms,  so  that  Da  •  1  based  on 
recombination  rates.  Thus  the  presence  of  OH  does  not 
necessarily  imply  that  heat  release  reactions  are  occuring. 

As  shown  in  the  analysis  given  in  Hasselbrink  et  al. 
(1997,  1998)  it  is  unlikely  that  the  particles  affect  the  flame 
reactions  or  thermal  transport  in  the  flow,  with  the  possible 
exception  of  radiative  losses.  Flames  in  a  flow  laden  with 
A1203  particles  are  significantly  brighter  and  yellower  than 
without,  and  radiation  losses  are  probably  larger. 

4.  RESULTS 

Figure  2  shows  the  context  of  the  four  measurement 
locations  relative  to  the  flame  envelope.  These  are  the  lee 
and  windward  edges  of  the  flame  envelope  at  about  1/2  the 
distance  from  the  flamebase  to  the  flame  tip,  (which  we  call 
the  L/2  position),  and  at  the  lee-  and  windward-  side 
flamebases. 

Figure  3  is  a  sampling  of  one  velocity  field  with 
superimposed  OH  signal  contours  at  each  of  the  four 
locations  described  in  Fig.  2.  The  OH  regions  at  the  L/2 
position  (Figs.  3(a),  3(b))  are  typically  thin  sinous  regions, 
often  with  multiple  radial  layers  and  with  occasional 
“islands”  of  OH.  These  same  “islands”  exist  at  the 
flamebase,  but  in  general  the  OH  regions  are  much  broader 
there.  The  OH  region  in  Fig.  3(c),  for  example,  is 
approximately  7mm  thick. 

Examples  of  flame/flow  interaction  at  the  flamebase 
are  clear  in  Figs.  3(c)  and  3(d).  In  both  cases,  the  leading 
edge  of  the  flame  lies  in  a  low  velocity  region.  In  Fig.  3(c) 
the  flow  is  also  seen  to  accelerate  through  the  flamebase, 
presumably  due  to  dilation  from  the  heat  release.  The  effect 
is  also  clear  in  the  average  data  (ensemble  average  of  109 
fields)  in  Fig.  4(a)  and  (c),  which  compare  the  average  OH 
contours  and  average  velocity  magnitude  contours  at  the  lee 
side  flamebase  position.  The  S-curved  shape  of  the  mean 
velocity  magnitude  contours  corresponds  to  the  OH 
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contours,  implying  that  the  heat  release  from  the  flame  is 
responsible  for  the  acceleration.  A  future  comparison  with  a 
non-buming  jet  will  be  necessary  to  confirm  this  effect. 

The  same  contour  comparison  for  the  windward  side 
flamebase  is  shown  in  Figs.  4(b)  and  4(d).  The  effect  of  the 
flame  on  the  velocity  field  is  not  nearly  as  dramatic.  We 
suggest  that  that  this  is  because  the  windward  flamebase 
fluctutates  (along  the  edge  of  the  jet)  significantly  more  than 
the  lee  side  flamebase;  since  the  flame  is  present  less  often 
at  any  one  area,  (as  evidenced  by  the  much  smaller  average 
OH  signal  levels),  the  ensemble-averaged  data  smears  the 
instantaneous  effects  more  significantly. 


5.  DISCUSSION 

The  OH  images  presented  here  are  not  shot-to-shot 
corrected,  and  hence  cannot  be  considered  quantitative. 
However,  quantitative  OH  PLIF  imaging  has  been 
successfully  applied  previously,  and  so  it  is  intriguing  to 
consider  the  possibility  of  quantitative  OH  PLIF  imaging 
simultaneous  with  PIV.  The  only  major  new  uncertainty  is 
laser  sheet  extinction  due  to  scattering  by  the  PIV  particles. 
The  intensity  I  of  the  sheet  after  traversing  a  distance  L 
through  air  seeded  with  particles  is  given  by  I/I0=  exp(-yL), 
where  Io  is  the  initial  intensity  and  y  =  QscanpM7tap2.  This 
formulation  does  not  account  for  multiple  scattering,  and  is 
only  valid  for  yL  «  1.  Using  a  typical  PIV  seeding  density 
of  npiP  =  100  mm'3,  scattering  efficiency  Qspi  =  2  and  particle 
radius  ap  =  1  pm,  we  estimate  y  =  6  x  104  mm'1.  (Note  that 
this  assumed  seeding  density  is  about  twice  that  assumed  for 
autocorrelation  PIV  —  higher  seeding  densities  are  possible 
for  cross-correlation  PIV,  and  are  desirable  for  PIV  in 
flames  due  to  the  loss  of  density  through  the  flame).  Thus, 
eveiy  10mm  length  of  seeded  air  at  typical  PIV  densities 
extinguishes  the  laser  by  about  0.6%.  Since  the  region 
seeded  with  particles  tends  to  flap  ±3cm  in  the  wind  tunnel, 
the  uncertainty  in  the  sheet  extinction  before  the  viewing 
region  is  about  1.8%.  However,  this  should  be  confirmed 
by  monitoring  the  sheet  both  before  and  after  entering  the 
test  section  on  a  shot-to-shot  basis. 


6.  CONCLUSIONS 

The  application  of  PIV  and  OH  PLIF  techniques 
simultaneously  provides  information  about  flame  and  flow 
interaction  that  cannot  be  obtained  with  either  technique 
separately.  Streamline  divergence  upstream  of  the 
fiamefront,  acceleration  of  the  flow  through  the  flame,  and 
the  distortion  of  the  flame  by  vortical  motions  are  clearly 
visible  in  the  data.  Future  work  will  continue  to  quantify 
the  effects  of  the  flame  on  the  flow  by  comparing  to  a  non- 
buming  case.  Also,  measurement  of  the  strain  rates  in  the 
regions  of  high  OH  signal  is  another  priority,  in  order  to 
determine  whether  the  flame  is  locally  extinguished  by  high 
strain  rates  induced  by  turbulent  motion. 


It  appears  possible  to  improve  on  the  present 
technique  by  implementing  quantitative  OH  PLIF  with  PIV. 
However,  this  is  not  straightforward  in  the  present  flow 
configuration  because  this  requires  shot-to-shot  sheet 
monitoring  before  and  after  the  test  section  in  order  to 
ensure  that  laser  extinction  does  not  exceed  several  percent. 
Under  these  conditions,  the  dominant  uncertainties  would  be 
the  signal  dependency  on  population  and  quenching  (10%- 
20%)  and  camera  and  shot  noise  sources. 
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Fig.  1.  Schematic  for  simultaneous  OH  PLIF  and  PIV.  M  denotes  mirrors,  SL  a  spherical  lens,  CL  a  cylindrical  lens,  and  W 
denotes  a  glass  optical  window.  An  weak  reflection  of  the  fundamental  from  two  windows  is  used  to  monitor  the  fundamental 
wavelength  for  the  purpose  of  tuning  the  laser. 


Fig.  2.  Context  of  the  four  data  locations  in  terms  of  the  transverse  jet  flame.  The  visible  emission  from  the  lifted  flame 
envelope  is  shown  relative  to  the  nozzle  and  the  crossflow  along  with  squares  representing  data  locations. 
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—  200  cm/s 


(a)  Lee  side,  L/2  position 


(b)  Windward  side,  L/2  position 


—  200  cm/s 


(c)  Lee  side,  flamebase  position 


(d)  Windward  side,  flamebase  position 


Fig.  3.  A  sampling  of  simultaneous  OH  PLIF/PIV  realizations  corresponding  to  each  of  the  four  locations  depicted  in 
Fig.  2.  Axes  are  distance  from  the  jet  nozzle  in  centimeters.  Contours  are  of  OH  signal.  The  higher  speeds  of  the  main 
jet  flow  are  visible  in  the  right  edge  of  (a),  the  left  edge  of  (b),  the  right/bottom  edge  of  (c),  and  the  left/upper  edge  of 
(d). 
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(a)  Lee  side  flamebase,  OH  contours  (b)  Windward  side  flamebase,  OH  contours 
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(c)  Lee  side  flamebase,  |V|  contours  (d)  Windward  side  flamebase,  |V|  contours 


Fig.  4.  Averaged  OH  (top)  and  velocity  magnitude  (bottom)  in  the  lee  side  (left)  and  windward  side  (right)  flamebase 
regions.  Higher  spatial  fluctuations  of  the  flame  on  the  windward  side  leads  to  much  lower  average  OH  signal  and  a 
less  noticable  effect  on  the  flow  due  to  the  smearing  caused  by  ensemble  averaging. 


25.2.8 


SIMULTANEOUS  P.I.V.  AND  OH  PLANAR  L.I.F.  IN  THE 
STABILIZATION  REGION  OF  A  LIFTED  TURBULENT  JET  FLAME 


C.  Maurey,  A.  Cessou  and  D.  Stepowski 


CORIA  UMR6614 

CNRS-Universite  &  INS  A  de  Rouen,  76821  Mt  St  Aignan,  France 


ABSTRACT 

The  instantaneous  velocity  field  has  been 
measured  in  the  stabilization  region  of  a  non-premixed 
turbulent  jet  flame.  Particle  Image  Velocimetry 
(P.I.V.)  and  OH  Planar  Laser  Induced  Fluorescence 
(L.I.F.)  have  been  performed  simultaneously  to  study 
the  jet  dynamics  at  the  flame  lift-off  location.  The 
location  where  the  velocity  measurement  has  to  be 
done  is  discussed.  A  conditional  velocity  measurement 
is  performed  from  the  simultaneous  P.I.V.  and 
fluorescence  images  and  is  compared  to  measurement 
at  the  bottom  of  the  flame  as  it  is  done  from  decrease 
in  particle  seeding. 

From  recent  works  (Kaplan  et  al.,  1994, 
Schefer  et  al.,  1994)  it  appears  that  the  flame  stabilizes 
through  turbulent  premixed  flame  propagation.  The 
turbulent  propagation  allows  the  flame  to  return  to  an 
upstream  lift-off  location  after  its  extinction  by  a 
vortical  structure. 


1.  INTRODUCTION 

Stabilization  of  jet  diffusion  flames  results  from 
the  competition  of  different  physical  phenomena  : 
turbulent  mixing,  chemical  reaction,  ...  As  a  result  the 
understanding  of  flame  stabilization  is  complex  and 
numerous  theories  has  been  proposed  in  the  past  as 
reviewed  by  Pitts  (1989).  Vanquickenborne  and  Van 
Tiggelen  (1966)  proposed  that  the  flame  stabilization 
occurs  where  the  flow  velocity  balances  the  turbulent 
flame  speed  along  the  stoichiometric  line.  From  the 
same  assumption  Kalghatgi  (1984)  proposed  an 
approximation  law  for  lift-off  height  according  to  the 
type  fuel  and  jet  exit  velocity.  Peters  and  Williams 
(1983)  described  the  flame  lift-off  phenomenon  as  the 
extinction  of  a  non-premixed  flamelet  submitted  to  a 
too  high  scalar  dissipation.  Byggstpyl  and  Magnussen 
(1983)  have  also  proposed  an  extinction  mechanism. 
The  large  scale  structures  of  turbulence  may  also  play 


a  role  (Broadwell  et  al.,  1984),  (Miake-lye  and 
Hammer,  1988). 

Pitts  (1989)  concluded  that  the  current 
experimental  characterization  of  flame  stabilization 
was  insufficient  to  determine  the  actual  physical 
processes  that  controls  flame  stabilization.  So  more 
recently  numerical  and  experimental  works  has  been 
carried  out.  Numerical  investigation  (Kaplan  et  al., 
1994)  shows  that  the  flame  stabilizes  along  the 
stoichiometric  line  and  on  vortical  structures.  The  base 
of  the  flame  is  attached  at  a  vortical  structure,  moves 
up  with  it  and  quickly  jumps  down  to  a  new  lower 
vortex.  Recent  numerical  simulation  of  triple  flame 
(Ruetsch  et  al.,  1995,  Veynante  et  al.,  1994)  provides 
also  some  interesting  results  to  further  investigate  the 
behaviors  of  the  flame  in  concentration  gradient.  Such 
behaviors  could  be  expected  in  turbulent-jet  flame. 
Due  to  the  complex  interactions  which  control  the 
stabilization  phenomenon  simultaneous  measurements 
are  required  with  spatial  and  temporal  resolutions.  The 
expected  role  of  the  large-scale  structures  and  the 
motion  of  the  flame  required  at  least  2D  measurements 
to  get  conditional  data.  Schefer  et  al.  (1994)  have 
performed  two-pulse  images  of  the  CH /  CH4 
distribution  in  a  lifted  CHrjet  flame.  The  results  show 
strong  flame/vortex  interactions  which  can  lead  to 
flame  extinction  resulting  in  downstream  movement  in 
the  lift-off  point  or  premixed  flame  propagation  to 
upstream  location.  Due  to  significant  entrainment  of 
air  by  the  fuel  jet  the  fuel  and  air  are  premixed  at  the 
stabilization  point  (Schefer  et  al.,  1994)  and  local 
stoichiometry  and  turbulent  characteristics  are  primary 
factors  controlling  flame  stabilization.  Flow  velocity 
field  have  been  performed  at  the  flame  base  (Muniz 
and  Mungal,  1997,  Schefer  and  Goix,  1998)  using 
P.I.V.  with  the  use  decrease  in  particle  density  as  a 
marker  for  the  high  temperature  region.  The  most 
upstream  location  of  the  high  temperature  region  is 
used  to  define  the  flame  base  and  perform  a 
conditional  velocity  measurement. 
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OH  P.L.I.F.  can  also  be  used  as  a  flame  marker 
(Schefer  et  al.,  1988).  So  to  get  a  fine  location  of  the 
flame  on  velocity  field  simultaneous  OH  P.L.I.F.  and 
P.I.V.  measurements  have  been  performed.  We 
propose  an  image  processing  to  identify  the  location 
where  the  conditional  velocity  measurement  must  be 
done.  Comparison  of  the  velocity  measurement  at  the 
bottom  of  the  flame  is  presented. 


2.  EXPERIMENTAL  SET-UP 

The  facility  consists  in  a  central  tube  fed  with 
methane.  The  jet  duct  diameter  can  be  easily 
exchanged  from  2  mm  to  5  mm.  The  jet  exit  velocity, 
Uo,  ranges  between  10  m/s  and  34  m/s.  The  duct 
length  (200  mm)  is  chosen  to  get  an  established 
turbulent  flow  leading  to  flat  exit  velocity  profiles.  The 
methane  jet  is  surrounded  by  a  very  low  air  coflow  in 
order  to  seed  ambient  air  entrained  to  the  lift-off 
location.  The  coflowing  stream  emerges  from  an 
annular  concentric  duct  (50  mm  OD)  with  velocity 
ranges  from  to  5  to  8  cm/s.  We  have  checked  that  a  so 
low  coflow  does  not  modify  the  flame  lift-off  by 
measuring  the  lift-off  height  and  radius  from  OH 
fluorescence  images  (Cessou  and  Stepowski,  1996). 


Under  these  conditions  the  flame  is  lifted-off  above 
the  injector  and  is  stabilized  without  pilot  flame.  The 
results  for  one  operating  condition  alone  are  presented 
(Table  1).  This  condition  corresponds  to  the  "lift-off 
condition”,  i.e.  the  condition  for  which  the  flame  lifts 
off  when  the  jet  velocity  is  increased.  Measurements 
have  been  done  from  lift-off  to  blow-out  and  also  in 
the  hysteresis  range,  they  are  not  presented  here  since 
the  purpose  of  the  paper  is  the  conditional 
measurement  method. 


Table  1 


u„  (m/s) 

Re 

ID  (mm) 

OD  (mm) 

Ucofiow  (m/s) 

20.37 

2700 

2 

3 

0.05 

The  coflow  is  seeded  with  zirconium  particles 
(Zr02).  Since  these  particles  can  survive  flame 
temperatures  the  P.I.V.  measurement  can  be  done  in 
the  vicinity  of  the  OH  zones.  Nominally  1  pm  particles 
are  entrained  to  the  jet  and  seed  the  region  where  the 
flame  stabilizes.  These  particles  have  the  displacement 
(±10  %)  relative  to  the  fluid  for  flow  frequency  of 
4200  Hz.  In  addition  particles  experience 
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Figure  1:  Experimental  Set-up 
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thermophoretic  forces  in  the  temperature  gradient  at 
flame  base.  A  specific  investigation  for  Zr02  particles 
should  be  done  but  an  error  of  few  cm/s  may  be 
expected  (Sung  et  al.,  1994). 

The  Zr02  particles  are  illuminated  by  a  double- 
pulsed  laser  sheet  at  532  nm  crossing  the  jet  through  a 
plane  of  symmetry  (Figure  1).  The  laser  source  is  the 
second  harmonic  of  a  Nd:YAG  laser,  100  mJ/pulse, 
containing  two  independent  cavities.  A  laser  sheet 
(300  pm  thick)  is  focused  by  a  spherical  (f=1000  mm) 
and  a  cylindrical  (f=  -25  mm)  lenses.  The  scattered 
light  is  collected  onto  a  CCD  array  (736  X  576  pixels) 
through  an  interferentiel  filter  to  rejected  at  once  the 
flame  radiation  and  the  scattered  UV  light  from 
particles.  Both  successive  images  are  stored  on  the  odd 
and  even  CCD  fields  (Lecordier  et  al.,  1994).  Two 
fields  of  view  have  been  imaged  :  the  "near  field"  (3 
cm  X  2  cm)  and  the  "far  field"  (7.5  cm  X  6  cm).  The 
time  delay  between  pulses  is  9  ps  for  the  "near  field" 
and  19  ps  for  the  "far  field"  condition.  The  V2IP 
software  package  (Gatto  et  al.,  1995)  is  used  to  work 
out  the  average  particle  displacement  in  each  sub- 
region  (64  x  64  pixels2)  of  the  image  by  cross- 
correlation  technique.  The  overlap  between  two 
neighboring  sub-regions  is  80%,  and  each  vector 
represents  the  average  velocity  in  a  6.2  x  6.2  x  0.35 
mm3  or  2.5  x  2.5  x  0.35  mm3  for  the  far  and  near  fields 
respectively. 

The  OH  ground  state  is  laser  probed  by 
pumping  the  Qi(6)  line  of  the  (0,1)  vibrational  band  of 
the  (X2n-A2Z)  transition.  Over  the  expected 
temperature  range  in  the  reaction  zone  (1200-1800  K) 
the  relative  population  of  the  absorbing  rotational  level 
(J"=6)  is  nearly  independent  of  the  temperature.  The 
laser  bandwidth  is  about  five  times  that  of  the 
absorption  line  so  as  to  prevent  spectral  shift  or 
fluctuation  of  the  tunable  laser  source.  The  pulsed 
radiation  (A-283.9  nm,  At=10  ns,  E~20mJ)  is  provided 
by  the  second  harmonic  of  a  dye  laser  pumped  by  a 
Nd:YAG  laser  at  10  Hz.  The  fluorescence  is  detected 
via  the  (1,1)  and  (0,0)  radiative  relaxation  bands 
(?i~315  nm).  The  laser  sheet  (120  mm  high  X  400  pm 
thick)  is  focused  in  the  same  plane  as  P.I.V. 
measurement  by  a  spherical  lens  (f=1000  mm)  and  a 
cylindrical  lens  (f=-50  mm).  The  fluorescence  from 
the  laser  sheet  is  imaged  at  90°  onto  a  gated  intensified 
CCD  camera  (576  X  384  x  14  bits)  with  a  105  mm, 
f/4.5  UV  lens.  The  scattering  at  laser  wavelength  from 
the  seeded  particles  is  rejected  by  placing  a  high  pass 
filter  in  front  of  the  detector. 

Timing  of  P.I.V.  and  L.I.F.  lasers  is  monitored 
by  the  video  clock  of  the  P.I.V.  camera  which  is 
divided  by  5.  Delays  are  adjusted  to  get  the  chosen 
delay  between  the  two  green  pulses  and  to  place  the 


UV  laser  pulse  between  the  green  pulses.  With  such  a 
synchronization  and  a  gate  width  of  30  ns  no  green 
scattered  light  from  the  particles  are  collected  on  the 
fluorescence  images. 


3 .  CONDITIONAL  MEASUREMENT  OF 
VELOCITY 


In  previous  works  (Muniz  and  Mungal,  1997, 
Schefer  and  Goix,  1998)  the  abrupt  drop  in  seeding 
due  to  the  decrease  in  fluid  density  across  the  flame 
allows  the  thermal  boundary  of  the  flame  base  to  be 
marked.  However  this  method  resuires  a  confinment  to 
insure  a  homogeneous  seeding  around  the  flame  and  it 
offers  a  low  resolution  and  a  low  signal-to-noise  ratio. 
Figure  2  shows  the  superposition  of  an  instantaneous 
velocity  field  and  the  simultaneous  OH  L.I.F.  image.  It 
appears  that  the  flame  structure  is  quite  complex  in  the 
flame  stabilization  region  with  a  very  sharp  edge  in  the 
inner  part  of  the  OH  zone.  The  calculation  of  the 
stabilization  of  a  triple  flame  (Veynante  et  al.,  1994) 
shows  that  the  interaction  of  the  flame  with  vortices 
leads  to  complex  structures  labeled  "leading-edge 
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Figure  2  :  example  instantaneous  velocity  field  and  the 
simultaneaous  OH  L.I.F.  image  ("far  field") 
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Figure  3:  example  of  instantaneous  image  of  OH 
P.L.I.F.  in  a  rich  premixed  flame  of  ClL-air  (<(>=1.25). 

(Gray  scale  is  inverted,  the  stronger  the  signal  is,  the 
darker  the  image  is.) 

flame"  rather  than  "triple  flame".  Thus  such  structures 
may  be  expected  in  the  turbulent  jet  rather  the  two 
wings  of  the  triple  flame. 

Experimental  results  of  Schefer  et  al.  (1994) 
show  that  the  flame  can  return  to  upstream  locations 
when  it  was  carried  distances  downstream  by  vortical 
structures,  thus  a  premixed  reaction  zone  must  exist  in 
the  lower  part  of  the  flame.  In  addition  the  flame 
premixed  flame,  (a) 


stabilized  in  a  layer  where  the  mixture  is 
stoichiometric  (Kaplan  et  al.,  1994,  Schefer  et  al, 
1994).  The  question  is  whether  a  stoichiometric 
premixed  flame  can  be  identified  on  the  OH  L.I.F. 
images? 

From  OH  laser  induced  fluorescence  all  the  OH 
radicals  present  in  the  laser  sheet  are  observed.  OH 
radical  has  a  long  lifetime  due  to  its  recombination  by 
three-body  reactions,  and  can  be  transported  through 
the  flow  by  diffusion  and  convection  (Barlow  et  al, 
1990,  Cessou  and  Stepowski,  1996).  At  this  point,  let 
us  compare  the  OH  L.I.F.  signal  in  a  premixed  flame 
and  a  diffusion  flame. 

OH  P.L.I.F.  has  been  performed  in  laminar 
Bunsen  burner  fed  with  methane-air  mixture.  The 
equivalence  ratio,  <j>,  is  1  or  1.25.  Figure  3  shows  an 
instantaneous  image  of  OH  P.L.I.F.  in  a  laminar 
premixed  flame  of  <>=1.25.  Two  different  reaction 
zones  occur  :  an  inner  reaction  zone  which  is  the  rich 
premixed  front  flame,  surrounded  by  an  outer 
diffusion  flame  where  excess  fuel  bums  with  ambient 
air.  OH  radical  trails  downstream  the  premixed 
reaction  zone  due  to  its  long  lifetime  leading  to  a 
smear  in  burned  gases  on  the  image.  In  the  diffusion 
flame  OH  radical  diffuses  on  either  side  of  the  reaction 
zone.  Two  profiles  have  been  extracted  (Figure  4):  one 

diffusion  flame,  (b) 


Figure  4  :  at  the  top  :  example  of  instantaneous  profile  extracted  through  the  premixed  flames  (a)  and  the  diffusion 
flame  (b),  at  the  bottom  :  mean  gradient  of  fluorescence  signal  calculated  from  the  instantaneous  profiles  (a)  and  (b) 
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Figure  5  :  example  of  instantaneous  OH  P.L.I.F.  in 
the  stabilization  region  of  the  turbulent  jet  flame,  and 
determination  of  the  points  Mg  and  MB 

perpendicularly  through  the  premixed  flame  front 
(Figure  3  a),  another  through  the  diffusion  flame 
(Figure  3  b).  Profile  (a)  shows  a  great  dissymmetry, 
from  the  fresh  gases  the  profile  is  very  sharp  while 
fluorescence  signal  decreases  slowly  in  burned  gases. 
Profile  (b)  is  symmetric  on  both  sides  of  the 
maximum.  From  all  of  the  instantaneous  profiles  the 
mean  gradient  of  the  fluorescence  signal  is  calculated 
and  shown  (Figure  4)  for  two  premixed  flame  (<j>=l 
and  tj)=;  1 .25)  and  the  diffusion  flame.  For  the  two 
equivalence  ratios  the  gradients  of  the  fluorescence 
signal  in  the  premixed  flames  are  greater  than  this  in 
the  diffusion  flame.  Therefore  the  thickness,  e, 
between  two  fluorescence  signal  levels  is  smaller  in 
premixed  flame  than  in  diffusion  flame  (Figure  4).  It  is 
noteworthy  that  the  gradient  of  OH  fluorescence  for 
stoichiometric  premixed  flame  is  much  larger  than  for 
a  diffusion  flame. 

This  result  leads  one  to  suppose  that  the 
turbulent  premixed  reaction  zone  in  the  lower  part  of 
the  lifted  jet  flame  can  be  identified  where  the  gradient 
of  the  fluorescence  signal  is  maximum,  more 
especially  if  the  flame  is  stoichiometric.  We  have 
applied  this  assumption  and  compared  with 
measurements  at  the  bottom  of  the  flame.  In  addition, 
it  should  be  stressed  that  on  OH  L.I.F.  images  the 
fresh/bumed  gas  interface  can  be  clearly  identified  in  a 
premixed  flame  by  a  sharp  signal  level  gradient,  while 
OH  L.I.F.  marks  the  reaction  zone  in  a  diffusion  flame. 


A  threshold  level,  Sro.  is  worked  out  to  identify 
the  OH  fluorescence  signal  levels  on  the  images.  More 
details  about  the  determination  of  Sro  is  available  in  a 
paper  of  Cessou  and  Stepowski  (1996).  A  second 
level,  Sfj,  is  chosen  above  S®.  The  iso-lines  Sf=Sffi  and 
Sf=Sfi  are  extracted  (Figure  5).  Each  contour  line  is 
then  sampled  at  evently  spaced  intervals 

ds;  =  -y/dxf  +  dyf  .  For  removing  the  digital 

noise,  which  is  characterized  by  high  frequency 
structures,  the  instantaneous  contours  are  smoothed 
through  a  gaussian  filtering  with  a  width 
corresponding  to  the  measurement  resolution,  namely 
350  pm.  From  the  observation  of  the  laminar  premixed 
flame,  the  point,  MG,  of  the  Sro-line  where  the  distance 
to  the  Sfi-line  is  minimum  is  defined  as  the  lift-off 
location,  namely  the  location  of  the  turbulent  premixed 
flame  which  stabilizes  the  jet  flame.  The  location  of 
this  point  MG,  i.e.  the  height  and  the  radius,  and  the 
orientation  of  the  Sro-line  are  stored  on  each  image. 

Once  the  lift-off  point  is  defined,  the  nearest 
velocity  vector  is  worked  out  and  the  projection  onto 
the  normal  direction  to  the  contour  at  MG  is  calculated. 
The  normal  direction  is  set  positive  towards  the  flame. 


Figure  6  :  instantaneous  velocity  field  at  the  flame  lift¬ 
off  location,  the  outline  of  the  OH  fluorescence  has 
been  superimposed 
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This  measurement  is  compared  with  the  other  method 
which  consists  in  measuring  the  axial  velocity  at  the 
bottom,  Mb,  of  the  flame  (Figure  5),  as  it  is  performed 
in  measurement  from  decrease  in  particle  density 
(Muniz  and  Mungal,  1997,  Schefer  and  Goix,  1998). 


4.  DISCUSSION 

Figure  6  shows  an  instantaneous  velocity  field 
in  the  region  of  lift-off  location.  The  figure  is  a 
fraction  of  a  "near  field"  image,  the  outline  Sfo  of  the 
simultaneous  OH  fluorescence  image  is  superimposed. 
The  jet  centerline  velocity  is  about  5  m/s,  the  decrease 
from  the  inlet  velocity  is  due  to  the  entrainment  of 
ambient  air.  With  a  centerline  velocity  of  5  m/s  the 
velocity  entrained  air  is  of  the  order  of  1  m/s.  We  can 
note  that  the  flow  field  diverges  as  the  flame  is 
encountered  and  the  streamlines  upstream  the  flame 
have  a  complex  meandering  appearance.  Thus  the 
velocity  vectors  along  the  fluorescence  outline  in  the 
lower  part  of  the  flame  have  many  orientations. 

Figure  7  shows  the  location  of  the  lift-off  points 
MB  and  MG-  In  this  figure  the  mean  location  is  almost 
the  same  for  the  both  methods  (black  points  in  the 
figure),  the  differences  in  height  and  radius  are  3.8  mm 
and  0.15  mm  respectively. 

The  difference  between  the  both  measurement 
methods  is  more  obvious  when  the  instantaneous 
measurements  are  compared.  Figure  8  shows  the 
distance  between  the  points  MG  and  MB  for  each  of  the 
40  images  acquired.  The  distance  is  in  order  of  4  mm 
with  a  lot  of  shot  to  shot  fluctuations,  therefore  the 
conditional  velocity  measurements  in  MG  and  MB  will 
be  different  in  magnitude  and  direction. 

Figure  9  shows  the  histograms  of  conditional 
velocity  VG  and  Vg  measured  at  the  lift-off  locations 
M0  and  Mb  respectively.  VG  is  the  velocity  component 
at  Mg  normally  to  the  flame  outline.  VB  is  the  axial 
velocity  at  MB.  The  histogram  accounts  only  40 
samples  but  some  differences  already  appear.  The 
histogram  of  VB  looks  like  the  measurement  of  Muniz 
and  Mungal  (1997)  On  these  histograms  only  the 
velocity  of  the  flow  at  the  flame  base  is  shown  thus  the 
flame  velocity  is  unknown  and  we  do  not  know  if  the 
flame  sustains  instantaneously  itself  against  the  flow  or 
not.  At  the  time  of  the  measurement  we  do  not  know  if 
the  flame  is  being  carried  distances  downstream  or  is 
returning  upstream  locations.  We  note  that  the  most 
probable  velocity  is  about  the  laminar  flame  speed 
value  (SL  =  0.43  m/s)  showing  that  statistically  the 
flame  stabilizes  in  region  where  if  can  balance  the 
flow  field  velocity.  The  maximum  of  the  histogram  of 
VB  is  about  3  m/s  and  almost  all  the  values  are 


Figure  7  :  instantaneous  lift-off  locations  defined  as  MG 
(on  the  left)  or  MB,  (on  the  right).  The  black  points  are 
the  mean  locations. 


Figure  8:  instantaneous  distance  between  MG  and  MB 
for  the  40  images  acquired 


positive.  The  maximum  of  the  histogram  of  VG  is 
also  about  3  m/s  and  the  minimum  is  about  -2  m/s. 
The  occurrence  of  velocities  less  than  0  means  that 
the  fluid  does  not  flows  to  the  flame,  fluid  is 
entrained  into  the  jet  by  a  vortical  structure.  In  this 
case  or  when  the  velocity  is  much  larger  than  SL  the 
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VB  ,  m/s  VG  ,  m/s 

Figure  9  :  conditional  velocity  VB  and  VG  measured  at  MB  and  MG  respectively  from  the  40  images  acquired 


flame  does  not  sustain  itself  but  propagates  upstream 
or  recedes  downstream  respectively.  The  histogram  of 
VB  shows  some  skewness  while  it  is  more  symmetric 
for  VG.  This  result  has  also  been  observed  for  different 
operating  conditions  not  presented  here. 

5.  CONCLUSION 

Simultaneous  P.I.V.  and  OH  P.L.I.F. 
measurements  have  been  performed  in  a  turbulent 
lifted-jet  flame.  A  method  has  been  proposed  to 
measure  the  conditional  velocity  of  the  flow  at  the 
flame  base.  The  location  where  the  reaction  is  the  most 
intense  at  the  flame  base  is  identified  on  the  OH 
fluorescence  images.  The  flow  velocity  component  is 
measured  normal  to  the  flame  outline  at  this  location. 
This  measurement  is  compared  with  this  performed  at 
the  lowest  point  of  the  OH  fluorescence  zone. 
Instantaneously  the  location,  the  magnitude  and  the 
orientation  of  the  velocity  at  the  two  points  are 
different.  Although  this  weak  sampling  of  this 
preliminary  results  some  features  of  the  flow  at  the 
flame  base  already  appear. 

The  most  likely  flow  velocity  at  the  lift-off 
location  is  almost  the  laminar  propagation  speed  SL, 
the  velocity  ranges  between  -4SL  and  6SL-  We  can 
expect  that  for  the  high  velocity  values  the  flame 
follows  a  vortical  structure  to  downstream  locations. 
When  the  flow  velocity  is  less  than  zero  the  flame 
returns  to  upstream  locations  From  such  measurements 


it  is  difficult  to  deduce  if  the  flame  can  be  stabilized  in 
an  oncoming  flow  whose  velocity  is  greater  than  SL  as 
expected  from  calculation  of  triple  flame.  Even  if  we 
note  that  the  flow  diverges  as  the  flame  is  encountered 
a  quantification  of  the  decrease  in  oncoming  velocity 
is  tricky  due  to  the  meandering  of  the  streamlines. 

This  paper  presents  some  preliminary  results  of 
simultaneous  measurements  of  velocity  field  and  flame 
location  and  a  proposition  of  conditional 
measurements.  Parametric  investigation  of  flame 
stabilization  process  requires  now  an  improvement  in 
measurement  resolution  and  statistical  sampling. 
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ABSTRACT 

Two  closely  separated  laser  light  sheets  have  been 
employed  to  obtain  high  spatially  and  temporally 
resolved  images  of  Rayleigh  scattering 
instantaneously.  Combined  with  appropriate  image 
processing  tools,  three-dimensional  thermal  gradients 
can  be  evaluated  and  compared  with  results  of 
laminar  strained  flame  calculations.  Here,  good 
agreement  could  be  found  with  our  experimental 
investigations  on  premixed  V-shaped  flames  in  a  grid 
generated  homogeneous  turbulent  flow  field.  In  order 
to  study  flame-vortex  interactions  the  Karlovitz 
number  Ka  =  (S^/Ik)2  was  systematically  modified 
by  varying  the  equivalence  ratio  <j>  while  keeping  the 
turbulent  Reynolds  number  Re,  constant  at  87  or  134. 
Because  of  a  nearly  Gaussian  shaped  statistical 
distribution  of  the  thermal  gradients,  the  50%-median 
and  the  width  of  the  distribution  are  taken  as  suitable 
measures  characterising  the  flame  response  on 
turbulent  motions  in  the  unbumed  gas. 

It  was  found,  that  negatively  curved  cusps 
(concave  towards  the  reactants)  show  a  steepening  of 
the  flame  temperature  profile,  while  positively  curved 
flame  elements  can  be  identified  by  a  retardation  of 
the  overall  reaction  process.  Regarding  the  thermal 
gradient  distribution,  the  growing  wrinkling  of  the 
flame  front  with  increasing  <])  results  in  an  increase  of 
the  width.  Instead  of  thickened  turbulent  flames,  as 
predicted  by  theory,  we  observe  a  reduction  of  the 
flame  thickness  especially  for  very  lean  flames 
(cj)  <  0.55)  marked  with  the  highest  Karlovitz  number 
(Ka  =  4.6). 

Thus,  we  assume  that  in  our  experiments  the  flame 
response  depends  more  on  flame  curvature  than  on 
effects  caused  by  modification  of  Ka,  but  with  the 
result  of  a  significant  reduction  of  the  flame  front 
thickness  due  to  turbulent  stretch. 


1.  INTRODUCTION 

One  current  task  of  flame  investigation  is  to  find  a 
suitable  strategy  for  modelling  turbulent  flames  in  a 
reliable  and  adequate  manner.  Because  of  their 
complexity,  the  description  of  the  interaction  between 
the  turbulent  motion  and  the  reaction  in  terms  of 
curvature  and  tangential  strain  is  difficult,  but  must  be 
solved  in  regard  of  the  importance  of  these  additional 
mechanisms  for  heat  and  mass  transport. 

To  classify  different  burning  regimes  according  to 
the  effects  of  these  interactions,  different  burning 
diagrams  with  characteristic  turbulence  parameters 
and  flame  properties  have  been  proposed  e.g.  by 
Borghi  (1985)  and  Peters  (1986)  (Fig.l).  Here,  the 
field  of  premixed  turbulent  flames  was  subdivided 
into  different  sections,  mainly  distinguished  by  the 
shape  of  the  flame  front  and  its  inner  structure. 
Because  of  discrepancies  between  theoretical  and 
experimental  results,  flames  characterised  by  fast 
chemistry  in  regard  of  the  time  scales  for  turbulent 
mixing  ( Da>  1)  but  with  sizes  of  the  smallest  eddies 
similar  to  the  flame  front  thickness  (Ka  =  1)  are  object 
of  recent  investigations  [Mansour  et  al.  (1992), 
O'Young  and  Bilger  (1997),  Ferrao  and  Heitor 
(1993),  Buschmann  et  al.  (1996)].  On  the  basis  of 
Damkohlers  conception,  Kolmogorov  scaled  vortices 
1K  are  expected  to  penetrate  into  the  flame  front  SLith  if 
lK«8L>th,  thus  enhancing  the  diffusive  transport  of 
heat  and  species  with  the  result  of  thickened  turbulent 
flames  marked  with  a  widely  spread  thermal  gradient 
distribution.  Nowadays  it  is  assumed,  that  especially 
the  scalar  gradients  in  the  "preheat  zone"  are  affected 
by  small  scaled  turbulent  motions,  while  the  structure 
of  the  "inner  layer  reaction  zone"  (T=1200K) 
remains  unchanged  [Peters  (1997)].  Subsequently  the 
thermal  gradient  distribution  of  the  "inner  layer” 
should  be  not  affected  by  increasing  Karlovitz 
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Figure  1:  Classification  of  turbulent  premixed 
flames,  including  our  field  of  investigation  •  and  the 
Cut-Off-Limit  [Poinsot  et  al.  (1996)]  — 


numbers  Ka.  In  contrast  to  that,  recent  numerical 
simulations  of  flame-vortex  interactions  showed  less 
influence  of  small  scaled  vortices.  Therefore  Poinsot 
et  al.  (1996)  defined  a  "Cut-Off-Limit",  below  which 
vortex  scales  do  not  affect  the  flame  front  in  a 
significant  way. 

To  review  the  ability  of  small  scaled  eddies  to 
penetrate  into  the  reaction  zone  with  the  consequence 
of  thickened  turbulent  flames,  extensive  experimental 
evidence  is  required.  In  the  present  study,  the 
implication  of  turbulent  motions  on  the  reaction 
progress  is  figured  by  the  thermal  gradient 


distribution.  This  is  approached  by  visualisation  of 
the  instantaneous  temperature  field  of  a  well  defined 
flame  configuration  using  an  instantaneous  dual-sheet 
Rayleigh  temperature  technique  in  combination  with 
high  spatial  resolving  detection  systems. 

2.  EXPERIMENTAL  ARRANGEMENT 

2. 1  Burner  and  Flow  Configuration 

The  two  dimensional  V-shaped  flame  is  stabilised 
by  a  2  mm  rod  located  10  mm  downstream  of  the 
burner  exit  in  a  circular  coaxial  jet  with  an  inner  core 
of  premixed  methane/air  mixture  with  40  mm  in 
diameter.  The  burner  is  surrounded  by  an  outer 
annular  jet  of  filtered  air  with  150  mm  in  diameter  in 
order  to  shield  the  methane/air  jet  from  the  mixing 
layer  formed  with  the  room  air  and  to  prevent  the 
entrainement  of  dust  particles,  which  would  disturb 
the  laser  diagnostic  measurements.  Using  a  turbulence 
grid,  nearly  homogeneous  turbulence  conditions  can 
be  achieved  in  the  region  of  the  flame.  With  laser 
doppler  anemometry  (LDA)  the  mean  axial  velocity 
U,  the  rms-value  u '  of  its  fluctuation  and  the  turbulent 
time  correlation  Lt  have  been  determined  at  different 
downstream  positions,  from  which  the  integral  length 
scale  Lx  was  derived  (Table  1).  The  influence  of  the 
wire  is  only  visible  in  the  centre  of  the  core  region.  In 
order  to  vary  the  turbulent  flow  field,  flames  with  two 
different  mass  flow  rates  of  lOkg/h  (Re,  =  87)  and 
18kg/h  (Re,  =  134)  are  investigated.  For  both  cases, 


Table  1 :  Experimental  conditions  and  relevant  parameters  at  a  flow  rate  of  18kg/h. 


Turbulence  intensity 

u’ 

[m/s] 

0.36 

Mean  axial  velocity 

U 

[m/s] 

3.51 

Integral  time  scale 

Lr 

[ms] 

1.7 

Integral  length  scale 

Lx=  U‘Lr 

[mm] 

5.96 

Turbulent  Reynolds  number 

Re,  =  Lx-u’/v 

m 

134 

Kolmogorov  scale 

1K  =  1.28'Lj’Re,'0'75 

[mm] 

0.194 

Taylor  microscale 

1T  =  6.35-Lx-Ret0'5 

[mm] 

3.26 

Turbulent  strain  rate 

a  =  u’  /  1T 

[1/s] 

110 

Equivalence  ratio 

9 

[/] 

0.50 

0.55 

0.60 

0.70 

0.80 

Lam.  flame  speed 

Sl 

[m/s] 

0.04 

0.06 

0.09 

0.18 

0.26 

Lam.  flame  thickness 

8l,*  =  v/sl 

[mm] 

0.41 

0.29 

0.17 

0.09 

0.06 

x-Borghi 

Lx/8Lith 

[/] 

14 

21 

35 

66 

96 

y-Borghi 

u’  /sL 

[/] 

9 

6 

4 

2 

1 

Damkohler  number 

Da  =  0,/u’)/  (Slu.  /sL) 

[/] 

1.5 

3.2 

9.2 

32.3 

68.0 

Karlovitz  number 

Ka  =  (Sl,*  /  1k)~=15  °'5,a,8Lith  /  Sl 

[/] 

4.6 

2.2 

0.8 

0.2 

0.1 
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the  Karlovitz  number,  which  represents  a  significant 
parameter  describing  the  flame-vortex  interaction  in 
terms  of  a  length  scale  relation  or  a  dimensionless 
stretch  number  [Peters  (1986),  Abdel-Gayed  et  al. 
(1989)],  was  modified  by  altering  the  stoichiometry 
of  the  methane/air  mixture  between  <|>  =  0.5  (very  lean 
mixture)  and  ([>  =  0.8.  Thus,  the  operating  conditions 
are  varied  systematically  along  lines  with  constant 
turbulent  Reynolds  number  in  the  region  of  the 
expected  "wrinkled  flamelets"  (Ka<  1)  and  the 
expected  "thickened  turbulent  flames"  (Ka>l) 

(Fig-1)' 

2.2  Dual-Sheet  Laser  Diagnostics 

Figure  2  shows  a  schematic  of  the  laser  diagnostic 
set-up.  The  second  harmonic  beam  from  a  Nd:YAG 
laser  (532  nm)  of  150mJ/pulse  is  expanded  with  two 
planar-convex  lenses.  To  enable  the  separation  of  the 
scattered  light,  we  used  a  tuneable  KrF-excimer  laser 
operating  at  248  nm  (120mJ/pulse)  with  -0.001  nm 
linewidth  as  the  second  laser.  Both  laser  beams  are 
steered  to  pass  through  cylindrical  lenses  to  be 
formed  into  two  closely  separated  laser  light  sheets  in 
the  symmetric  axis  of  the  burner  nozzle.  The  laser 
sheet  thickness  as  well  as  the  spacing  of  the  two  laser 
sheets  was  measured  in  the  focus  with  a  suitable  beam 
profiler  system,  finding  a  150  pm  thickness  for  both 
laser  sheets  and  a  spatial  separation  of  400  pm.  At  the 
focus,  where  the  flame  is  situated,  the  detection  area 
was  confined  to  a  15  mm  by  20  mm  region  with 
satisfactory  beam  profiles. 

The  signal  of  the  dual-sheet  Rayleigh  scattering 
technique  at  incident  laser  frequency  is  separated  by  a 


Figure  2:  Experimental  set-up  for  imaging  of  the 
inner  structure  of  the  reaction  zone. 


dichromate  substrate.  The  scattered  light  at  532  nm 
was  collected  by  a  macro  lens  system  (1:2.5/90  mm) 
with  a  spatial  resolution  of  75  pm,  while  for  the 
scattered  light  at  248  nm  an  UV-objective  (1:4.5/105) 
has  been  used  resulting  in  a  spatial  resolution  of 
62  pm.  To  prevent  emission  interference,  the  two 
laser  beams  were  temporally  shifted  by  250  ns,  which 
is  extremely  small  compared  to  the  convection  time 
of  the  flow.  In  combination  with  a  temporal  resolution 
of  about  10  ns,  "frozen  structures"  are  imaged  on  two 
intensified  charge-coupled  device  (ICCD)  cameras 
with  a  dynamic  range  of  14  bits.  Due  to  different 
flame  speeds  in  the  range  of  the  investigated  flame 
stoichiometries,  different  flame  angles  of  the  V- 
shaped  flame  are  the  consequence.  To  ensure  the 
detection  of  the  flame  front  under  the  same  turbulent 
flow  field,  the  downstream  location  chosen  for  scalar 
imaging  correspond  to  55  mm  for  the  leanest  flames 
and  25  mm  for  near  stoichiometric  flames. 


3.  DATA  REDUCTION 


3.1  Rayleigh  Scattering  Technique 

The  Rayleigh  scattering  signal  is  proportional  to 
the  number  density  of  the  molecules  weighted  with 
their  Rayleigh  scattering  cross  sections  [Fourgette  et 
al.  (1986),  Dibble  and  Hollenbach  (1981)].  For  the 
investigated  premixed  methane/air  flames,  the 
effective  Rayleigh  scattering  cross  section  remains 
constant  within  ±2%  in  the  unbumed  and  burned 
side.  Gas  pressure  variations  are  negligible  with 
respect  to  the  absolute  pressure,  so  the  ideal  gas  law 
can  be  used  to  relate  the  field  temperature  T(x,y)  to 
the  number  density,  yielding  for  the  flame 
temperature: 


rflame(x,y)=-^ 

G  . 


(•^air  ^back) 


Aflame  ^back ) 


-  ■  T,. 


(1) 


where  Iflame  and  1^  represents  the  Rayleigh  scattered 
light  intensity  of  the  flame  image  at  unknown 
temperature  and  of  a  calibration  image  with  air  at 
defined  temperature  T^.  Ibacj;  is  the  background  light 
intensity  that  includes  the  readout  noise  of  the  camera 
chip,  while  the  relation  of  <J  represents  the  weighted 
Rayleigh  cross  section  of  the  flame  and  air  sample 
volume.  With  respect  to  shot-to-shot  energy 
fluctuations  of  the  laser  beam  and  systematic  errors, 
the  inaccuracy  of  the  temperature  measurements  is 
estimated  to  be  better  than  15%  for  this  experimental 
arrangement. 
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3.2  Image  Processing 

Based  on  the  measured  scalar  temperature  field 
the  flame  front  thickness  has  been  evaluated  using 
suitable  methods  of  digital  image  processing.  In  a 
first  step,  the  temperature  field  was  spatially  filtered 
twice  by  assigning  the  median  value  of  each  3x3 
kernel  to  the  central  pixel  before  the  three- 
dimensional  gradients  were  determined  using  the 
following  expression. 


^T(x+Ax)-T(x-Ax)n|2 


gradT(x,y,z)3D  = 


2Ax 

T(y + Ay)  -T(y  -  Ay) 


2Ay 


'T(z+Az)-T(z) 

,  Az  , 


(2) 


The  terms  on  the  right  hand  side  represents  the 
contributions  of  each  dimension  to  the  local  thermal 
gradient,  with  Ax  and  Ay  as  the  spacing  in  the  plane 
of  one  laser  sheet  and  Az  as  the  separation  distance 
between  both.  For  the  determination  of  the  depth 
gradient  (third  term),  an  accurate  point  to  point 
relation  between  the  two  temperature  images  is 
required.  Therefore,  a  mesh  target  was  imaged  to 
define  a  transformation  rule,  which  allows  the 
attachment  of  corresponding  pixels  with  an  accuracy 
of  1  pixel,  i.e.  around  75  pm. 

The  obtained  gradient  field  gradT(x,y,z)3D  can  be 
used  to  calculate  the  turbulent  flame  front  thickness 
conditioned  at  specified  reaction  progress  variables 
C  —  (T-T  min)/ (T  max'T  min) . 


T  -T  ■ 

c  _  max  min 

Tx  (gradT)3D|c 


(3) 


To  account  for  the  measured  temperature  field, 
the  maximum  and  minimum  temperature  level  T^ 
and  Tmm  were  determined  by  taking  the  average  value 
of  a  20x20  pixel  kernel  in  the  corresponding 
temperature  region. 


3.3  Advantages  of  the  Dual-Light  Sheet  Technique 

To  ensure  the  accurate  distinction  of  the 
temperature  gradients,  three-dimensional  effects 
resulting  from  fluctuating  inclination  of  the  flame 
front  relative  to  the  laser  have  to  be  excluded 
[O'Young  and  Bilger  (1997)].  As  a  test,  the  extent  of 
different  intersection  angles  on  the  temperature 


gradient  distribution  was  approximated  by  turning  the 
flame  relative  to  the  two  parallel  light  sheets.  The 
flame  front  thickness  of  a  weak  (0  =  0.55)  as  well  as 
of  a  strongly  corrugated  flame  (0  =  0.7)  was 
determined  under  angles  of  90°  (perpendicular 
intersection),  60°  and  30°  using  both  two  and  three- 
dimensional  evaluation  procedures. 

Independent  of  the  intersection  angle  and 
stoichiometry,  the  flame  front  thickness  obtained  with 
the  3D-gradient  technique  matches  within  ±  100  pm 
with  the  measured  flame  thickness  for  perpendicular 
crossing.  From  that  the  resulting  accuracy  of  the  30- 
data  is  estimated  to  be  about  100  pm.  The  2D- 
thickness,  determined  from  a  single  laser  light  sheet, 
corresponds  to  the  3D-data  for  90°,  while  for  60°  and 
30°  the  temperature  slope  is  decreased,  as  expected. 
Since  here  the  flame  thickness  depends  strongly  on 
the  intersection  angle,  we  used  the  double  light  sheet 
technique  combined  with  the  corresponding  data 
processing  for  all  subsequent  experimental 
investigations. 

A  typical  probability  density  function  (pdf)  of  the 
measured  3D-gradients  conditioned  at  c  =  0.6  is 
shown  in  Fig.  3  for  a  flame  with  0  =  0.5  and  Re,= 134. 
Regarding  the  shape  of  the  gradient-pdf,  a  nearly 
Gaussian  distribution  can  be  seen.  As  a  characteristic 
average  value,  the  50%-median  (here  nearly  equal  to 
the  maximum  and  the  mean)  of  the  function  is 
compared  with  numerical  data.  In  a  test  case  with 
artificial  flame  fronts,  the  whole  image  processing 
procedure  was  applied  revealing  good  agreement  with 
the  pretended  values. 


Figure  3:  Distribution  of  the  temperature  gradients 
for  0  =  0.5,  conditioned  at  c=0.6.  Determination  of 
the  average  gradient  (50%  median)  and  the  width  wx 
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As  a  second  parameter,  the  width  wT  can  be 
determined  as  a  measure  for  the  fluctuation  of  the 
temperature  gradient  at  the  specified  condition  c. 

From  30  obtained  images  per  flame  type,  about 
(600x30=)  18000  flame  front  gradients  have  been 
measured  each  to  ensure  an  appropriate  statistical 
accuracy.  This  allows  a  detailed  analysis  of  the 
turbulent  interactions  and  the  corresponding 
perturbations  of  the  flame  front. 

4.  RESULTS  AND  DISCUSSION 

As  a  significant  flame  parameter,  the  turbulent  flame 
front  thickness  8-r  computed  with  the  steepest  thermal 
gradients  is  used  to  examine  the  influence  of  turbulent 
eddies  on  the  chemical  reaction  progress.  In  terms  of 
a  pre-evaluation  process,  the  maximum  temperature 
rise  was  found  to  be  located  around  c=0.6  for  all 
investigated  flames,  that  why  the  obtained  results  and 
conclusions  are  confined  to  that  reaction  progress 
variable. 

4. 1  Comparison  between  2D  and  3D-Data 

One  of  the  main  attributes  of  turbulent  motion  is 
its  three  dimensionality  and  randomness  in  time  and 
space.  From  this  point  of  view,  it  is  reasonable  to 
expand  the  planar  detection  of  the  temperature  field 
by  one  laser  light  sheet  to  a  quasi-three-dimensional 
imaging  technique.  The  necessity  can  easily  be 
derived  from  Fig.  4,  showing  two  simultaneous 
mapped  planar  temperature  fields  of  a  strongly 
wrinkled  flame  with  0  =  0.8,  which  were  binarized 
both  at  the  threshold  temperature  Tc  =  0.6  together  with 
their  superposition. 

On  a  first  glance,  the  two  closely  separated  images 
show  the  same  topology,  but  only  when  overlaid,  the 
small  differences  become  obvious.  In  spite  of  the 
nearly  planar  flame  surface  of  the 
V-shaped  flame,  additional  thermal  gradients  due  to 
flame  curvature  normal  to  the  detection  plane  are 
taken  into  account  at  the  computation  of  the  flame 
front  thickness.  Therefore,  this  new  measurement 
technique  gains  in  necessity  the  more  wrinkled  and 
corrugated  the  flame  front  is. 

4.2  Observed  Temperature  Profiles 

One  of  the  major  interest  of  our  investigations  was 
the  comparison  between  data  sets  from  laminar  flame 


Figure  4:  Temperature  fields,  binarized  at  c=0.6 
from  two  closely  separated  laser  light  sheets,  and 
their  superposition  (Re,=  134,  0  =  0.8). 

calculations  (CHEMKIN)  [Kee  et  al.  (1991),  Hemm 
(1997)]  with  those  generated  with  experimental 
measurements.  Here,  the  temperature  profiles  of  the 
investigated  flame  configurations  were  object  of 
detailed  examinations.  As  a  first  result,  the  maximum 
temperature  level  T^*  was  found  to  be  approximately 
250  K  below  the  adiabatic  flame  temperature  Tad, 
while  the  minimum  temperature  level  T^n  fits  well 
with  the  initial  set  conditions  of  the  numerical 
simulation  (Tmj^SOOK).  For  an  explanation,  we 
regard  the  lack  of  heat  radiation  in  the  laminar  flame 
calculations  to  be  responsible  for  the  discrepancy 
between  the  temperature  profiles  especially  at  higher 
temperatures. 

Here,  two  reasons  support  our  line  of 
argumentation.  Firstly,  the  amount  of  transferred  heat 
increases  strongly  with  temperature  (proportional  to 
the  fourth  power  of  T)  and  is  therefore  linked  only 
with  elevated  temperatures.  Analyses  of  the  gaseous 
heat  radiation  revealed,  that  the  emission  spectrum 
lies  mainly  in  the  infrared  (>1  pm)  with  C02  and  H20 
as  the  predominant  contributors  [Hottel  et  al.  (1935)]. 
Because  these  species  only  appear  in  the  hot  exhaust 
gas,  the  influence  of  heat  radiation  is  confined  to 
higher  reaction  progress  variables  c  (e.g.  c =0.8). 
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Figure  5:  Instantaneous  temperature  fields  of  two 
different  flames  (Ret  =  134).  a.)  0  =  0.5  b.)  0  =  0.7 

Concluding,  we  expect  heat  radiation  with  only 
minor  extend  in  the  "preheat  zone"  and  "inner  layer" 
up  to  c  =  0.7,  while  with  increasing  reaction  progress 
radiation  is  responsible  for  reduced  upper 
temperature  level.  To  enable  the  comparison  between 
measurement  and  calculation  and  therefore  the 
validation  of  consisting  combustion  models  of 
premixed  turbulent  flames,  the  measured  thermal 
gradients  subsequently  have  to  be  related  to  the 
adiabatic  temperature  level  Tad,  leading  to 

gradT3D,relL  =  §^30  |c  (4)' 


4.3  Modification  of  Thermal  Gradients  due  to 

Curvature 

Figure  5  shows  two  characteristic  instantaneous 
temperature  fields  for  flames  with  0  =  0.5  and  0  =  0.7, 
both  in  a  turbulent  flow  with  Re,=  134.  Obviously  one 
can  see  differences  concerning  the  curvature  radii  and 
the  frequency  with  which  the  perturbations  of  the 
flame  front  occur.  To  reveal  the  influence  of  this  two 
different  flame  modes,  detailed  examinations  at 
different  curved  flame  front  elements  were  made  and 
compared  with  laminar  unstrained  calculations. 

For  0  =  0.7,  Fig.6  illustrates  the  differences  of  the 
temperature  gradients  between  positive  and  negative 
curved  flame  fronts  as  a  function  of  temperature. 
Both  diagrams  contain  the  data  of  ten  selected  flame 


front  areas  with  individual  kernel  sizes  adapted  to  the 
local  flame  structure. 

Flame  front  elements  orientated  convex  towards 
the  unbumed  gas  (positive  curvature)  have  smaller 
temperature  gradients  than  laminar  unstrained  flames. 
Moreover  the  maximum  temperature  level  is  reached 
only  far  behind  the  flame  front,  approximately  in  a 
distance  equal  to  the  curvature  radius.  This  can  be 
explained  by  a  defocusing  effect  of  heat  at  positively 
curved  flame  elements.  In  case  of  negative  curved 
regions,  the  temperature  gradients  are  significantly 
higher  and  even  partly  beyond  the  calculated 
gradients.  Here,  high  temperatures  can  be  detected 
right  behind  the  flame  front,  while  the  gradients  in  the 
"preheat  zone"  are  smoother.  This  is  due  to  a  focused 
heat  transfer  to  the  fresh  and  unbumed  gas,  resulting 


Figure  6:  Scatter  plot  of  temperature  gradients  for  a 
flame  with  0  =  0.7  at  a.)  positive  b.)  negative  curved 
region.  Squares  represent  calculated  laminar 
unstrained  temperature  gradients  (CHEMKIN). 
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in  an  elevated  temperature  level.  The  mechanism  of 
diffusional  transport  of  heat  as  well  as  their 
importance  on  flame  stability  is  discussed  in  detail  by 
Law  (1988)  and  Rutland/Trouve  (1993).  Concerning 
the  distribution  of  the  thermal  gradients  for  c  =  0.6, 
this  behaviour  is  also  reflected  by  slightly  increasing 
widths  wt,c=0.6  with  increasing  mixture  fractions  0 
(decreasing  Ka).  This  observation  was  made 
independent  of  the  investigated  turbulent  Reynolds 
number  Re,. 

With  regard  to  the  consisting  flame  theories,  we 
can  not  confirm  experimentally  the  ability  of  small 
eddies  to  penetrate  into  the  flame  front,  because  then 
molecular  mixing  would  result  in  a  reduction  of  the 
thermal  gradients  and  above  all  to  more  spread 
gradient  distribution  especially  for  flames  with  the 
highest  Ka  numbers.  Instead,  our  results  confirm 
more  the  existence  of  a  undisturbed  "inner  layer" 
located  around  a  reaction  progress  variable  c  =  0.6 
due  to  the  small  rate  of  change  of  the  width  wT,c=0.6, 
which  obviously  is  linked  to  curvature. 

Thus  we  regard  the  influence  of  the  smallest 
eddies  1K  to  be  smaller  than  expected  from  theory  due 
to  damping  of  turbulent  motions  by  the  increase  of 
viscosity  with  temperature.  Moreover,  studies  of  She 
et  al.  (1990)  have  revealed  only  locally  confined 
turbulent  structures  like  vortex  tubes,  so  that 
interactions  occurs  only  at  some  rare  flame  front 
elements.  This  fits  quite  well  with  numerical 
simulation  of  flame-vortex  interactions  [Poinsot  et  al. 
(1996)]  and  justify  the  definition  of  a  "Cut-Off-Limit" 


Figure  7 :  Measured  turbulent  flame  thickness 
conditioned  at  c  =  0.6,  normalized  with  the  laminar 
unstrained  flame  thickness  5L  (CHEMKIN).  For 
comparison  the  thickness  determined  from  laminar 
strained  calculation  ( a=  100  1/s)  is  enclosed. 


for  turbulent  scales. 

4.4  Modification  of  the  Global  Flame  Thickness 

Regarding  the  average  turbulent  flame  thickness 
conditioned  at  c  =  0.6  (defined  here  as  the  "inner 
layer")  in  Fig.7,  the  thickness  is  increasing  for 

Ka< 0.5,  while  flames  with  Ka> 0.5  are  marked  with 
a  significant  decrease  in  comparison  with  laminar 
unstrained  calculations.  These  three-dimensional 
measurements  confirm  previous  results  from  2D- 
measurements  [Buschmann  et  al.  (1996)]. 
Furthermore,  good  agreement  with  strained  laminar 
calculations  [Pitsch  (1996),  Sung  et  al.  (1996)]  at 
equal  turbulent  strain  rate  could  be  found.  Thus,  the 
flame  behaviour  in  turbulent  flows  seems  to  be 
dominated  by  stretch,  resulting  in  a  reduction  of  the 
flame  thickness  for  lean  mixtures.  The  extent  depends 
strongly  on  the  mixture  fraction  (j>. 


5.  CONCLUSION 

For  premixed  turbulent  flames  it  was  assumed  that 
for  increasing  turbulence  intensity  and  especially  for 
Karlovitz  numbers  above  one  a  regime  with  thickened 
flames  exist  (e.g.  Borghi  diagram).  Since  the 
measurement  of  the  instantaneous  local  flame 
structure  is  very  difficult  for  premixed  turbulent 
flames,  it  was  not  possible  in  the  past  to  measure  the 
detailed  flame  front  in  a  conclusive  way.  With  the 
application  of  laser  diagnostic  techniques  in  the  dual 
plane  approach  instantaneous  3D-temperature 
gradients  of  a  axisymmetric  V-flame  with  nearly 
homogeneous  turbulence  have  been  determined.  In 
order  to  modify  the  Karlovitz  number  Ka  of  the 
reacting  flow,  the  stoichiometry  was  changed 
systematically,  while  holding  the  turbulent  Reynolds 
number  constant  at  either  Re,  =  87  or  134.  Resulting 
from  frequent  highly  curved  flame  elements,  near 
stoichiometric  flames  are  characterised  by  more 
wrinkled  flames  and  a  broadened  distribution  of  the 
gradients. 

The  assumption  that  for  Ka>  1  the  smallest  eddies 
entrain  into  the  reaction  zone  and  widen  could  not  be 
verified  for  the  conditions  measured  here,  while  our 
results  confirm  more  the  existence  of  a  undisturbed 
"inner  layer"  at  a  reaction  progress  variable  c  =  0.6. 

Although  the  flames  were  investigated  in  a 
moderate  turbulent  flow  field  (Re,  =  87  and  134), 
large  part  of  the  flames  especially  for  $  =  0.5  have  a 
flame  structure  as  being  close  to  the  "laminar  region". 
It  seems,  that  the  theoretically  expected  limit  between 
laminar  and  turbulent  flames  with  Re,  =  1  is  an 
underestimation.  Instead  of  that  a  "Cut-Off-Limit", 
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proposed  from  direct  numerical  simulations  [Poinsot 
et  al.  (1996)]  below  with  the  influence  of  turbulent 
eddies  on  the  flame  can  be  neglected,  might  be  more 
relevant.  Note  that  only  the  shape  of  this  limit  was 
fixed  without  exact  location  in  the  field  of  turbulent 
pre mixed  flames. 

Therefore  it  can  be  concluded,  that  in  our 
experiments  the  spread  of  the  thermal  gradient 
distribution  depends  more  on  the  flame  curvature  than 
on  the  Karlovitz  number.  The  influence  of 
Kolmogorov  scaled  eddies  seems  to  be  negligible 
compared  to  the  turbulent  strain  rate  acting  in  the 
tangent  plane  of  the  flame  front,  resulting  in  an 
overall  reduction  of  the  flame  front  thickness. 
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ABSTRACT 

Measurements  in  baffle-stabilised  flames  for 
Re  =  1.5  x  105  and  different  swirl  numbers  are  used  in 
this  paper  to  improve  our  understanding  of  the  effect 
of  pressure  gradients  on  the  conservation  of  turbulent 
kinetic  energy  and  of  the  turbulent  flux  of  the  mean 
reaction  progress  variable,  c,  or  turbulent  heat  flux, 
pu”c”,  for  strongly  sheared  flames.  To  achieve  these 
objectives,  a  previously  reported  LRS/LDV  system 
(Ferrao  and  Heitor,  1998)  was  conveniently  optimised 
to  provide  simultaneous  velocity-scalar  measurements, 
which  allow  for  the  quantification  of  detailed  heat 
transfer  characteristics. 

The  physical  phenomena  responsible  for  the 
turbulent  diffusion  of  c  were  studied  using  the 
transport  equation  for  pu^c”,  where  the  pressure 
gradients  have  been  obtained  by  analysis  of  the 
transport  equation  of  momentum.  The  results  obtained 
for  the  highly  sheared  turbulent  flames  studied  are 
consistent  with  previous  DNS  calculations  for  basic 
flamelet  combustion  and  show  that  a  pressure  decrease 
form  unburnt  to  burnt  gases  promote  counter-gradient 
transport. 

1  INTRODUCTION 

Recent  direct  numerical  simulations  (DNS)  of 
premixed  combustion  in  isotropic  turbulent  flows  for 
low  Reynolds  number,  representative  of  flamelet 
combustion  (Veynante  et  al,  1997),  reveal  that  the 
local  flow  structure  near  the  flame  influence  the 
dominant  regime  for  turbulent  transport,  namely 
counter-gradient  or  gradient  scalar  transport.  In 
addition,  DNS  calculations  reported  by  Veynante  and 
Poinsot  (1997)  show  that  the  mean  pressure  gradient 
across  the  flame  front  modifies  the  turbulent  flame 
structure  due  to  differential  buoyancy  mechanisms 
between  heavy  cold  and  light  hot  gases.  The  result  is 
that  pressure  decreases  from  unburnt  to  burnt  gases  is 
found  to  decrease  wrinkling,  flame  brush  thickness, 


turbulent  flame  speed  and  to  promote  counter-gradient 
transport.  In  this  context,  this  paper  extends  this 
analysis  to  high  Reynolds  number  flames,  making  use 
of  detailed  measurements  of  velocity  and  scalar 
characteristics  in  baffle-stabilised  flames  under 
different  pressure  fields. 

It  is  well  known  that  previous  attempts  to  extend 
knowledge  on  laminar  flames  and  non-reacting  fluid 
mechanics,  to  turbulent  combustion  have  been  limited 
by  the  fact  that  turbulent  mixing  in  flames  is  altered  by 
the  accompanying  heat  release  and  can,  as 
consequence,  be  qualitatively  different  from  that 
occurring  in  non-reacting  flows.  Examples  include 
counter-gradient  diffusion,  e.g.  Libby  and 
Bray  (1981),  Bray  et  al.  (1985),  in  either  confined 
non-premixed  swirling  flames,  Takagi  et  al.  (1985),  or 
in  unconfined  premixed  flames,  Heitor  et  al.  (1987), 
Ferrao  and  Heitor  (1995). 

Turbulent  recirculating  premixed  flames  stabilised 
downstream  of  baffles  have  been  shown  to  be 
characterised  by  non-gradient  scalar  fluxes  (e.g. 
Takagi  et  al.,  1984;  Takagi  and  Okamoto,  1987; 
Fernandes  et  al.,  1994;  Duarte  et  al.,  1996),  the  extent 
of  which  appears  to  be  particularly  influenced  by  the 
magnitude  of  the  mean  pressure  gradients  associated 
with  the  streamline  curvature.  Experimental  evidence 
is  reported  in  Heitor  et  al.  (1987),  Ferrao  and 
Heitor  (1995)  and  Duarte  et  al.  (1996),  although  it 
remains  to  be  quantified  for  different  pressure 
distributions. 

Strongly  swirled  recirculating  flames  include 
additional  features  because  of  the  effects  of 
centrifugal  forces  and  curvature  in  zones  of  mean 
shear,  as  discussed  by  Takagi  et  al.  (1984)  and  Takagi 
&  Okamoto  (1987).  These  authors  have  provided 
evidence  of  the  existence  of  counter-gradient  diffusion 
of  heat  in  confined  non-premixed  flames  at  low  swirl 
numbers  and  found  that  the  radial  Reynolds  stresses 
and  the  variance  of  temperature  fluctuations  were 
reduced  in  comparison  to  the  unswirled  flame. 
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This  paper  is  intended  to  analyse  the  interaction 
between  gradients  of  mean  pressure  and  density 
fluctuations  for  high  Reynolds  number  flames.  The 
effect  of  swirl  on  the  aerothermochemistry  of  propane- 
air  recirculating  flames  is  particularly  addressed  and 
the  results  are  used  to  assess  the  extension  of  main 
findings  on  turbulent  scalar  transport,  obtained  by 
DNS  calculations  for  a  single  flamelet  to  a  flame  of 
practical  interest. 

Finally,  the  Bray-Moss-Libby  (Bray,  1980)  model 
for  the  prediction  of  turbulent  scalar  flux,  which  has 
been  extended  to  account  for  pressure  gradients  by 
Veynante  and  Poinsot  (1997),  is  shown  to  be 
qualitatively  in  accordance  with  the  experimental 
results  obtained  for  u”c”,  although  the  probability 
density  functions  of  c  are  not  bimodal  in  the  flame 
studied,  and  the  flow  is  much  more  complex  than  the 
one  modelled  by  those  authors. 

The  following  section  describes  the  experimental 
techniques  used  throughout  this  work.  Section  3 
presents  the  experimental  results,  which  are  analysed 
and  discussed  in  section  4.  Finally,  the  main 
conclusions  of  the  work  are  presented  in  the  last 
section  of  the  paper. 

2  EXPERIMENTAL  METHOD 

2.1  The  Flames  Studied 

The  experiments  reported  in  this  paper  were 
conducted  in  unconfined  swirling  and  non-swirling 
premixed  flames  of  air  and  propane  with  a  equivalence 
ratio  of  0.6,  stabilised  on  a  disk  with  D  =  56  mm  in 
diameter,  which  is  located  at  the  exit  section  of  a 
contraction  with  80  mm  in  diameter.  The  annular  bulk 
velocity  is  equal  to  Uo  =  42.4  m/s,  resulting  in  a 
Reynolds  number,  based  on  the  disk  diameter,  of 
1.5  x  105.  Swirl  could  be  imparted  to  the  premixed 
reactants  by  a  set  of  curved  blades,  located  upstream 
of  the  contraction,  resulting  in  a  swirl  number  of 
S  =  0.33. 

2.2  The  Experimental  Techniques 

The  instrumentation  used  throughout  this  work 
consists  on  a  combined  LDV/LRS  system,  which  was 
based  on  a  single  laser  light  source  (5  W  argon-ion 
laser)  as  depicted  in  figure  1.  The  system  has  derived 
from  that  described  by  Ferrao  and  Heitor  (1998),  as 
the  main  data  acquisition  system  includes  a  16  bits 
analogue/digital  converter,  in  place  of  the  12  bits  data 
acquisition  board  previously  used. 

The  laser  Doppler  velocimeter  was  based  on  the 
green  light  (514.5  nm)  of  the  laser  and  was  operated  in 
the  dual-beam,  forward  scatter  mode  with  sensitivity  to 


the  flow  direction  provided  by  a  rotating  diffraction 
grating.  The  calculated  dimensions  of  the  measuring 
volume  at  e'2  were  606  |im  and  44  pm.  The  Rayleigh 
scattering  system  was  operated  from  the  blue  line 
(488  nm)  of  the  same  laser  source,  which  was 
vertically  polarised  and  made  to  pass  through  a  5:  1 
beam  expander.  The  light  converged  in  a  beam  waist 
of  50  pm  diameter,  and  was  collected  at  90°  from  the 
laser  beam  direction,  through  a  slit  of  1  mm.  The 
collected  light  was  filtered  by  a  1  nm  interference  filter 
and  passed  through  a  polariser  in  order  to  increase  the 
signal-to-noise  ratio.  A  calibration  procedure  was 
implemented  in  order  to  compensate  for  number 
density  dependence  on  the  chemical  composition.  The 
uncertainty  on  the  average  temperature  was  quantified 
as  4%. 


Fig.  1  -  Schematic  diagram  of  the  combined 
LDV/Rayleigh  scattering  system 

The  signal  was  amplified  and  low  pass  filtered  at 
lOKHz  before  digitalisation.  The  temporal  resolution 
of  the  system  depends  on  the  integration  time 
associated  with  this  filter,  which  is  quantified  to  be 
50ps.  This  value,  associated  with  the  typical  flow 
velocities,  give  rise  to  path  lengths  of  about  1mm  and, 
therefore,  smaller  than  the  integral  length  scales  in  the 
reaction  shear  layer.  The  resolution  of  the  system  was 
confirmed  by  the  measured  temperature  distributions, 
which  include  instantaneous  values  close  to  either 
adiabatic  or  room  temperature,  confirming  that  the 
system  is  capable  of  resolving  the  temperature 
fluctuations  associated  with  the  premixed  flames 
analysed  in  this  work. 

The  details  associated  with  the  accuracy  of  the 
experimental  method  used,  and  in  particular  of  the 
laser  Rayleigh  scattering,  have  been  discussed  by 
Ferrao  and  Heitor  (1998)  and  are  not  reported  here. 
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3  EXPERIMENTAL  RESULTS 


The  most  salient  features  of  the  mean  flow 
characteristics  of  the  two  flames  studied  can  be 
inferred  from  the  velocity  distribution  represented  in 
figure  2.  For  the  non-swirling  flame  (S  =  0)  the  results 
are  similar  to  those  found  in  other  baffle-stabilised 
recirculating  flames  (e.g.  Heitor  et  al,  1987;  Ferrao 
and  Heitor,  1995),  in  that  they  exhibit  a  recirculation 
region  extending  up  to  x/D  =  2.21,  where  the  fluid  has 
a  large  and  fairly  uniform  mean  temperature, 
surrounded  by  annular  region  of  highly  sheared  fluid 
where  gradients  of  mean  temperature  are  large. 

1.2  0.8  0.4  0.0  0.4  0.8  1.2  r/D 


S  =  0  S  =  0.33 


0.0 

non  swirling  flame  swirling  flame 

Fig  2  -  Mean  velocity  vectors  along  a  vertical  plane 
of  symmetry. 

The  single  recirculation  zone  of  the  unswirled 
flame  is  to  be  contrasted  to  that  of  the  swirling  flame 
(S  =  0.33),  which  is  shorter,  wider  and  annular  in 
shape,  because  it  includes  an  inner  annular  vortex  with 
positive  velocities  along  the  centreline.  The  inner 
recirculation  zone  is  associated  with  positive  mean 
velocities  along  the  centreline  up  to  the  first  stagnation 
point.  This  nature  of  the  swirling  flame  is 
characterised  by  a  comparatively  large  inclination  of 
the  mean  velocity  vectors  at  the  exit  which,  together 
with  the  aspects  mentioned  before,  represents  a  direct 
consequence  of  the  centrifugal  forces  associated  with 
the  swirl  motion.  The  turbulent  characteristics  of  these 
flames  were  presented  elsewhere  (Caldas  et  al,  1997) 
and  are  not  discussed  here. 

The  isotherms,  represented  in  figure  3,  are  highly 
curved  and  reveal  non-planar  flames  oblique  to  the 
oncoming  reactants.  For  these  conditions,  the  results 
of  figure  3  show  that  the  turbulent  heat  transfer  rate  for 
the  two  flames  considered  is  restricted  to  the  reacting 
shear  layers,  with  absolute  values  of  u"c"  considerably 


higher  than  those  of  v"c".  As  a  consequence,  a  large 
component  of  the  vectors  of  turbulent  heat  transfer  is 
directed  along  the  isotherms  rather  than  normal  to 
these,  as  would  be  expected  from  gradient-transport 
models  of  the  kind  used  in  non-reacting  flows. 


S  =  0  S  =  0.33 
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Fig.  3  -  Isocontours  of  mean  progress  reaction 
variable,  together  with  the  turbulent  heat 
flux  vectors. 

The  analysis  of  the  photography  of  figure  4  shows 
that  reaction  occurs  along  a  thin  shear  layer, 
characterised  by  intense  temperature  gradients  (flame 
brush),  located  between  the  locus  of  maximum  axial 
velocity  and  the  locus  of  the  mean  separation 
streamline,  which  is  curved  along  its  length.  This 
curvature  imposes  mean  velocity  effects  on  the 
turbulence  field  in  a  way  that  depends  on  the  level  of 
interaction  between  the  gradients  of  mean  pressure 
typical  of  the  present  flames  and  the  associated  density 
fluctuations. 

An  instantaneous  representation  of  the  flame 
structure  is  depicted  in  the  photography  of  figure  4, 
where  the  flame  was  seeded  with  alumina  particles  and 
illuminated  with  a  ND-YAG  laser  source,  with  9  ns 
pulse  duration.  As  the  colour  scheme  is  inverted,  the 
dark  regions  are  associated  with  fresh  reactants,  and 
the  interior  grey  zone  corresponds  to  the  hot  products. 

Although  flame  brush  is  roughly  oriented  along  the 
isotherms,  turbulent  motion  strongly  interacts  with  the 
flame  and,  as  a  consequence,  flame  fronts  are 
randomly  oriented,  resulting  in  a  complex  flow  pattern 
when  compared  to  a  single  isotropic  flame  analysis,  as 
performed  in  current  DNS  studies(e.g.  Veynante  et  al., 
1987).  This  suggests  that  extension  of  DNS  scalar 
transport  models  for  flames  of  practical  interest  is  to 


25.5.3 


be  performed  with  precaution  and  require 
experimental  validation. 


Fig.  4  -  Instantaneous  flame  (B)  visualisation  during  a 
9  ns  Nd-Yag  laser  pulse. 

The  next  section  discusses  this  extension  for 
premixed  recirculating  flames  with  different  swirl 
numbers. 


4  DISCUSSION 

The  physical  phenomena  responsible  for  the 
conservation  of  turbulent  kinetic  energy,  k,  and  for  the 
turbulent  diffusion  of  c  are  analysed  by  evaluating  the 
transport  equations  of  k  and  u”jC”  respectively,  for  an 
axial  location  of  x/D  =  1.21. 

The  terms  involved  in  the  conservation  equations 
of  momentum  and  turbulent  scalar  flux  are  made  non- 
dimensional  by  puu^’2/I inhere  pu  is  the  mass  density 
of  the  unburned  gases,  u^’2  is  the  velocity  fluctuation 
of  the  unburned  gases  and  lt  is  the  turbulent  length 
scale.  On  the  other  hand,  the  terms  involved  in  the 
turbulent  kinetic  energy  budget  are  made 
non-dimensional  with  reference  to  puu0’3/'/lf 

As  this  discussion  is  dedicated  to  the  interaction 
between  turbulence  and  combustion,  the  analysis  is 
focused  on  the  flame  brush,  which  has  been  defined  by 
the  region  limited  by 'c  =  0.02  and  c  =  0.98. 

The  mean  reaction  progress  variable,  c,  will 
therefore  be  used  to  represent  the  evolution  of  the 
different  parameters  across  the  flame  brush.  In 
addition,  it  should  it  should  be  noted  that  for  the 
referential  adopted,  r  >  0  denotes  outward  radial 
locations  and  x  >  0  downstream  axial  locations. 


4.1  Conservation  of  Momentum 

Simultaneous  measurements  of  time-resolved 
velocity  and  temperature  allow  for  the  experimental 
quantification  of  the  relative  magnitudes  of  the  terms 
involved  in  the  conservation  equation  of  momentum, 
which  can  be  written  as,  Rodi  (1970): 
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Mean  pressure  gradients  have  been  obtained  by 
difference  of  the  terms  in  the  conservation  equation  for 
momentum. 

Figures  5  and  6  shows  radial  profiles  of  the 
measured  terms  involved  in  the  transport  equation  of 
momentum  for  the  flames  analysed  (S  =  0  and 
S  =  0.33),  for  an  axial  location  of  x/D  =1.21  which 
corresponds  to  the  main  width  of  the  recirculating 
flame.  The  results  obtained  along  the  flame  brush  are 
represented  as  a  function  of  the  mean  progress  reaction 
variable,  c. 


Fig.  5  a)-  Radial  profile  of  the  main  terms  involved  in 
equation  [1],  for  the  non  swirling  flame  (S  =  0)  at 
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Fig.  5  b)-  Radial  profile  of  the  main  terms  involved  in 
equation  [2],  for  the  non  swirling  flame  (S  =  0)  at 
x/D  =  1.21 


The  analysis  of  figures  5  and  6  shows  that  the 
mean  pressure  gradients  are  dominated  by  the 
difference  between  the  two  components  of  the 
convection  term  (also  the  diffusion  term  in  the  balance 
of  radial  momentum). 

The  evolution  of  the  pressure  gradients  across  the 
axial  location  analysed  is  a  consequence  of  the  effect 
of  streamline  concentration  and  curvature  and,  for  the 
swirling  flow,  the  effect  of  rotation. 

In  general,  it  should  be  noted  that  swirl  contributes 
to  attenuate  pressure  gradients,  and  promote  adverse 
pressure  gradients  in  the  leading  region  of  the  flame 
brush  (c  <  0.2).  The  analysis  of  the  influence  of  this 
different  pressure  distributions  in  the  turbulent 
characteristics  of  the  flow  can  be  quantified  by 
analysis  of  the  turbulent  kinetic  energy  budget. 


4.2  Turbulent  Kinetic  Energy  Budget 

The  turbulent  kinetic  energy  budget,  for  high  Reynolds 
number  steady  flows,  can  be  written  as,  (Jones,  1980). 
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Fig.  6  a)-  Radial  profile  of  the  main  terms  involved  in 
equation  [1],  for  the  swirling  flame  (S  =  0.33)  at 
x/D  =1.21 
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Where  k  is  the  turbulent  kinetic  energy, 
k  =  u”u”i/2.  The  four  terms  identified  in  the  previous 
expression  represent  the  convection  of  k  by  the  mean 
flow  field  (I),  the  production  of  k  by  the  interaction 
between  normal  stresses  and  normal  strain  (II),  the 
production  of  k  by  the  interaction  between  shear 
stresses  and  shear  strain  (III)  and  the  production  of  k 
by  the  mean  pressure  work  (IV). 

These  terms  have  been  calculated  for  the  two 
flames  studied,  making  use  of  the  experimental  data 
obtained  and  considering  that: 


as  suggested  by  Meunier  et  al  (1981).  The  results 
obtained  are  represented  in  figures  7  and  8. 


Fig.  6  b)-  Radial  profile  of  the  main  terms  involved  in 
equation  [2],  for  the  swirling  flame  (S  =  0.33)  at 
x/D  =1.21. 
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Fig.  7  -  Radial  profiles  of  the  main  terms  involved  in 
equation  [3],  for  the  non-swirling  flame  (S  =  0)  at 
x/D=  1.21. 


This  experimental  finding  is  particularly  relevant 
considering  that  DNS  is  limited  to  low  Reynolds 
number  flows  and,  as  a  consequence,  viscous 
dissipation  is  always  a  dominant  factor  in  the 
numerical  simulations.  Consequently,  DNS  is  unable 
to  reproduce  the  full  range  of  dynamical  regimes  that 
occur  in  a  flame  of  practical  interest. 


4.3  Conservation  Equation  For  Turbulent 
Scalar  Flux 

The  conservation  equation  of  turbulent  scalar  flux 
for  high  Reynolds  number  flow,  can  be  written  as: 
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Fig.  8  -  Radial  profiles  of  the  main  terms  involved  in 
equation  [3],  for  the  swirling  flame  (S  =  0.33)  at 
x/D=  1.21. 

Analysis  of  figure  7  and  8  shows  that  the  interaction 
between  shear  stresses  and  shear  strain  is  generally  the 
dominant  term  in  the  production  of  turbulent  kinetic 
energy,  giving  rise  to  a  strongly  anisotropic  turbulent 
field  with  comparatively  large  axial  velocity 
fluctuations. 

It  should  however  be  noted  that,  for  the  non¬ 
swirling  flame,  where  pressure  gradients  are  more 
intense,  figure  7  shows  that,  for  c  <  0.5,  thermal 
dilatation  and  associated  density  variations  overcome 
viscous  dissipation  and  lead  to  a  net  flame  production 
of  turbulent  kinetic  energy,  as  predicted  by  Bray- 
Moss-Libby  theory,  Libby  and  Bray  (1981). 


where  (I)  represents  the  convection  by  the  mean  flow, 
(II)  and  (III)  are  source  terms  due  to  the  mean  velocity 
and  mean  progress  variable  gradients,  (IV)  represents 
the  effect  of  mean  pressure  gradients  and  (V) 
represents  the  fluctuating  pressure  term  and  transport 
by  the  turbulent  flow  field. 

The  main  terms  involved  in  equation  [4]  are 
evaluated  and  presented  in  figures  9  and  10  for  the 
flames  studied. 


Fig.  9  a)-  Radial  profile  of  the  main  terms  of  equation 
[4]  in  the  axial  component,  together  with  the 
corresponding  turbulent  heat  flux,  for  the  non-swirling 
flame  (S  =  0)  at  x/D  =  1 .21 . 
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Fig.  9  b)-  Radial  profile  of  the  main  terms  of  equation 
[4]  in  the  radial  component,  together  with  the 
corresponding  turbulent  heat  flux,  for  the  non-swirling 
flame  (S  =  0)  at  x/D  =  1.21. 


Fig.  10  a)-  Radial  profile  of  the  main  terms  of 
equation  [4]  in  the  axial  component,  together  with  the 
corresponding  turbulent  heat  flux,  for  the  non-swirling 
flame  (S  =  0.33)  at  x/D  =  1.21. 

The  results  show  that  turbulent  heat  transfer  is 
restricted  to  the  reacting  shear  layer,  where  the 
temperature  gradients  exists.  For  the  swirling  flame, 
figure  10  a),  it  is  shown  that  the  term  due  to  the 
interaction  between  pressure  gradients  and 
temperature  fluctuations  (term  IV)  is  dominant  in  the 
production  of  u”c”  and  is  responsible  for  the  counter¬ 
gradient  turbulent  heat  transport.  Although  this  result 
is  similar  to  that  obtained  for  non-swirling  flames,  a 
new  feature  consists  on  the  important  contribution  of 
the  term  resulting  from  the  interaction  between 
Reynolds  stresses  and  temperature  gradients  (term  III), 


which  is  similar  to  term  IV,  and  this  was  not  observed 
for  the  non-swirling  flame. 


-♦-Term  (1)  Term  (II)  Term  (III)  Term  (IV)  — v'c’/Sl 


Fig.  10  b)-  Radial  profile  of  the  main  terms  of 
equation  [4]  in  the  radial  component,  together  with  the 
corresponding  turbulent  heat  flux,  for  the  non-swirling 
flame  (S  =  0.33)  at  x/D  =  1 .21 . 

It  has  been  shown  in  the  literature  that  the  process 
of  counter-gradient  heat  transport  can  be  explained  by 
the  preferential  deceleration  of  the  products  of 
combustion,  relatively  to  the  cold  reactants  (e.g., 
Heitor  et  al.,  1987;  Hardalupas  et  al„  1996),  and  this  is 
experimentally  confirmed  by  this  study. 

The  analysis  of  the  transport  equation  of  the  radial 
component  of  turbulent  heat  flux,  figure  9  b)  and 
10  b),  shows  that  v”c”  is  always  positive,  as  predicted 
by  gradient  hypothesis.  This  is  mainly  because  the 
interaction  between  Reynolds  stresses  and  temperature 
gradients  (term  III)  is  the  dominant  term  in  the  region 
where  v”c”  occurs,  although  the  interaction  between 
pressure  gradients  and  temperature  fluctuations  (term 
IV)  constitutes  an  important  contribution  for  the 
production  of  counter-gradient  v”c”,  and  cannot  be 
neglected.  For  c  <  0.2,  term  IV  is  dominant  and  is 
responsible  for  the  attenuation  of  v”c”. 

In  the  swirling  flame,  figure  10  b)  shows  that  for 
c  <  0.2,  the  terms  representing  the  radial  component  of 
the  turbulent  heat  flux  contribute  to  produce  gradient 
diffusion,  but  the  value  of  v”c”,  which  was  positive  for 
c  >  0.2,  vanishes.  A  possible  explanation  for  this 
behaviour  is  suggested  by  Veynante  et  al  (1997), 
based  on  the  DNS  of  a  single  flamelet,  in  that  the 
fluctuating  pressure  term  (which  is  not  measurable 
with  current  diagnostic  techniques)  can  be  an 
important  source  of  counter-gradient  diffusion  and 
may  balance  the  gradient-diffusion  terms  measured  for 
c  <  0.2  and  justify  the  attenuation  of  v”c”. 
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In  the  theory  of  turbulent  premixed  flames,  the 
modelling  of  the  turbulent  flux  of  c,  pu”c”,  has  been 
first  suggested  in  the  Bray-Moss-Libby,  Bray  (1980), 
based  on  the  classic  flamelet  assumption  of  fresh 
reactants  (c=  0)  and  fully  burnt  products  (c  =  1) 
separated  by  thin  flame  sheets. 

This  model  has  recently  been  improved  by 
Veynante  et  al.  (1997)  and  by  Veynante  and 
Poinsot  (1997),  where  the  later  authors  suggest  the 
following  expression  in  which  the  first  term  models 
the  gradient  diffusion,  the  second  accounts  for 
counter-gradient  diffusion  and  the  last  incorporate 
pressure  gradient  effects: 
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SL  is  the  laminar  flame  speed,  8i  is  the  thermal 
thickness  of  the  flame,  K  and  a  are  constants  of  the 
model. 

The  comparison  of  the  results  obtained  with  this 
model  against  the  values  of  u”c”  and  v”c”  measured 
for  the  swirling  flame  are  represented  in  figure  1 1  and 
12. 

Although  the  model  suggested  by  Veynante  and 
Poinsot  (1997)  was  derived  for  simple  flamelets  and 
thus,  for  flames  characterised  by  bimodal  probability 
density  functions  of  c,  which  are  not  representative  of 
the  flames  analysed,  the  results  of  figures  11  and  12 
show  that  the  model  presents  qualitative  agreement 
with  the  values  measured. 

A  major  feature  of  this  new  model  consists  on  the 
correction  for  the  pressure  gradients  which  is  found  to 
be  of  major  relevance  in  both  components  of  the 
turbulent  heat  flux. 
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Fig.  1 1  -  Comparison  between  the  modelled  and 
measured  axial  component  of  the  turbulent  heat  flux, 
for  the  swirling  flame. 


Fig.  12  -  Comparison  between  the  modelled  and 
measured  radial  component  of  the  turbulent  heat  flux, 
for  the  swirling  flame. 


5  CONCLUSIONS 

Simultaneous  measurements  of  time-resolved 
velocity  and  temperature  obtained  by  laser-Doppler 
velocimetry  and  laser-Rayleigh  scattering  in  the  near 
wake  of  premixed  recirculating  flames  of  propane  and 
air,  have  improved  our  understanding  of  the 
interaction  between  pressure  gradients  and  density 
fluctuations  in  high  Reynolds  number  flames.  The 
results  extend  previous  knowledge  derived  from  DNS 
in  comparatively  low  Reynolds  number  flames  and 
show  that: 

>  Swirl  attenuates  the  rate  of  turbulent  heat  transfer 
due  to  the  decrease  of  the  temperature  gradients 
across  the  reacting  zone,  but  does  not  alter  the 
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existence  of  a  large  zone  of  flame  characterised 
by  non-gradient  scalar  fluxes. 

>  In  the  production  of  turbulent  kinetic  energy  for 
the  non-swirling  flames,  where  pressure  gradients 
are  more  intense,  and  for  c  <  0.5,  thermal 
dilatation  and  associated  density  variations 
overcome  viscous  dissipation  and  lead  to  a  net 
flame  production  of  turbulent  kinetic  energy,  as 
predicted  by  Bray-Moss-Libby  theory,  Bray  and 
Libby  (1981). 

>  The  model  recently  suggested  by  Veynante  and 

Poinsot  (1997)  which  was  derived  for  simple 
flamelets  characterised  by  bimodal  probability 
density  functions  of  c,  is  shown  to  represent 
qualitatively  the  evolution  of  turbulent  flux  of  the 
mean  reaction  progress  variable,  c,  or  turbulent 
heat  flux,  pu”c”.  A  major  feature  of  this  new 
model  consists  on  the  correction  for  the  pressure 
gradients,  which  is  found  to  be  of  major  relevance 
in  both  components  of  the  turbulent  heat  flux. 
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Abstract 

A  bluff-body  stabilised  highly  turbulent  and  premixed  lean  methane/air  flame  has  been  investigated  with 
simultaneous  planar  laser  Rayleigh  scattering  and  planar  laser-induced  fluorescence  of  OH, 
systematically  varying  exit  velocity  and  equivalence  ratio  ()>.  From  that  a  conditional  thermal  flame  front 
thickness  is  calculated  by  determining  the  steepest  gradient  while  the  OH-radical  concentration  is  taken 
as  a  indicator  for  zones  with  or  without  a  burning  reaction.  Thus  the  measured  thermal  fronts  were 
distinguished  in  non-reacting  and  reacting  flame  fronts. 

In  the  case  of  non-reacting  flame  fronts  the  thickness  is  found  to  be  independent  of  equivalence  ratio  and 
exit  velocity.  For  reacting  flame  fronts  a  relative  thinning,  compared  to  laminar  unstretched  flames  is 
measured  as  a  function  of  the  non-dimensional  stretch  factor  Kt,  which  is  an  expression  for  vortex 
induced  local  stretch. 

Although  contact  between  burnt  and  fresh  gas  immediately  takes  place  direct  downstream  the  burner 
nozzle,  from  OH  images  a  lifted  reaction  zone  can  be  found  to  be  at  least  1 1  mm  the  burner  nozzle.  This 
lift-off  cannot  be  recognised  with  thermometry  techniques.  Neither  a  unique  local  turbulent  stretch  scale 
aT=u'/lT  nor  the  non-dimensional  stretch  factor  KT=aT/(u'/sL)  can  be  found  to  predict  the  flame  lift-off. 
Instead  a  unique  global  mean  stretch  Am=5U/8y  seems  to  be  a  adequate  criterion  for  most  of  the  flame 
conditions.  Only  for  very  lean  mixtures  this  does  not  match.  Here  a  residential-ignition  delay  time  model 
seems  to  fit  more  to  the  observed  lift-off  heights. 

1.  Introduction 

Optimising  of  combustion  processes  by 
increasing  efficiency,  reducing  pollution 
exhaust  and  avoiding  burner  instabilities  is  of 
topic  interest  for  designers  of  burners, 
gasturbines,  motors  etc.  With  detailed 
knowledge  about  local  combustion  processes 
and  heat  and  mass  transport  mechanism  in 
combination  with  flow  fields  calculation,  it 
would  be  able  to  predict  the  behaviour  of 
flames  in  advance,  it  would  be  able  to 
"design”  a  flame. 

Of  special  interest  are  "clean”  flames  driven 
with  lean  premixed  mixtures.  While  for 
laminar  and  laminar-like  conditions  already 
adequate  models  are  provided,  this  is  not  the 
case  for  highly  turbulent  flames.  Although  for 
this  conditions  generally  accepted  models 
already  exist,  e.g.  the  phase  diagram  of  Peters 
(1986)  which  describes  a  broadening  of  the 
flame  with  increasing  turbulence  intensities, 
the  prediction  of  flame  behaviour  is  still  not 
sufficient.  Recent  experiments  using  planar 


laser  imaging  techniques  under  different 
turbulent  premixed  flame  conditions  indicate 
only  partially  modified  pre-heat  zone 
structures  [Mansour  et.  al.  (1992); 
Buschmann  et  al.  (1996)]  and  detailed  flame- 
vortex  investigations  show  that  flames  are 
locally  quenched  at  these  high  turbulence 
intensities  [Dinkelacker  et  al.  (Pittsburgh 
1998),  Poinsot  et  al.  (1990),  Roberts  et  al. 
(1992)].  Non  of  these  effects  is  considered  in 
the  model  introduce  by  Peters  (1986) 

Thus,  in  order  to  achieve  time  and  spatial 
resolved  2-dimensional  information  about 
temperature  structures  of  highly  turbulent 
flames  a  bluff  body  stabilised  flame  is 
investigated  in  this  study.  In  order  to  achieve 
information  about  reaction  the  OH-radical 
concentration  is  taken  as  a  criterion  which 
can  distinguish  zones  of  reacting  from  those 
of  non-reacting  fresh  fuel  and  those  of  burnt 
exhaust  gas.  Therefore  it  has  been  measured 
qualitatively  using  planar  laser-induced 
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fluorescence  (LDF).  The  combination  of 
planar  temperature  and  planar  OH-LEF 
measurement  techniques  allows  to  identify 
non-reacting  temperature  fronts  and  reacting 
flame  fronts  as  well  and  to  determine  from 
that  a  thermal  thickness  distribution 
conditioned  to  reaction  zones. 


Furthermore  the  OH-images  reveal  a  lifted 
reaction  zone  downstream  the  burner  nozzle 
which  cannot  be  recognised  from  the 
temperature  field.  This  phenomena  is 
discussed  in  the  last  part  of  the  paper. 


2.  Experimental  Set-up 


Figure  1: 

For  stabilising  a  turbulent  premixed  flame  at  high 
exit  velocities  vexit  a  bluff-body  configuration  has 
been  chosen.  Here,  a  circulation  zone  is 
produced  in  its  wake  through  which  burnt  hot  gas 
flows  back,  heats  the  fresh  cold  gas  up  and 
ignites  it  (Fig  1).  This  kind  of  flame  stabilisation 
allows  to  run  the  burner  with  high  turbulence 
intensities  resulting  from  high  shear  rates.  Thus  a 
stable  flame  can  be  obtained  over  a  wide 
parameter  field  (measurements  with  vexit  up  to  29 
m/s). 

In  the  experiments  reported  here  the  burner  is 
operated  with  premixed  lean  methane/air.  A 
bluff  body  of  44mm  diameter  is  placed 
concentrically  in  the  burner  tube  of  0  48mm. 
The  premixed  fuel  flows  through  the  left  ring 
gab  of  2mm  width.  To  get  detailed 
information  about  interaction  of  high 
turbulence  with  burning  reaction  the 
investigated  flame  conditions  have  been 
systematically  varied  between  exit  velocities 
from  5to  29m/s  and  equivalence  ratios  from 
0.55  to  1.0. 

Mixture  fraction  is  adjusted  in  an  external 
chamber  which  is  supplied  with  dried  filtered 
air  and  methane  of  high  purity  (99.995%)  by 
two  mass  flow  controllers  which  also  monitor 
exit  velocity.  To  prevent  entrainment  of 
interfering  Mie-scattering  from  dust  particles 
a  coflow  of  filtered  air  with  a  mean  velocity 


of  0.5m/s  coats  the  flame  from  the 
environment. 

The  velocity  field  is  measured  with  a  Laser 
Doppler  Velocimetry  (LDV)  system,  which 
allows  simultaneous  point-measurement  of 
two  velocity  components  of  the  flow  field.  To 
cover  the  whole  field  of  interest 
measurements  in  several  axial  (up  to  75mm) 
and  radial  (up  to  40mm)  positions  have  been 
performed  with  a  positioning  accuracy  of 
±0.3mm.  At  each  measured  point  at  least 
3000  samples  were  taken.  Thus  the  axial, 
radial  and  tangential  averaged  velocities  Va, 
Vr  and  Vt,  turbulent  fluctuations  va',  Vr'  and  vt’ 
and  the  macro  length  scale  Lx  have  been 
determined  under  isothermal  flow  conditions. 
Vt  is  found  to  be  zero,  while  v'r  and  v't  are 
found  to  be  nearly  equal.  Thus  the  mean  rms 
velocity  fluctuation  v'nns  can  be  expressed 
with  the  turbulent  kinetic  energy  k  from 

V'rms=(2*k)0,5  (  1 

) 

k  =  0.5*(Va’2+Vr’2+Vt’2)  = 
0,5*(Vr’2+2*Vr’2)  (  2  ) 

With  light  sheet  techniques  2-dimensional 
information  about  the  spatial  structure  of  the 
detailed  combustion  process  can  be  obtained 
with  high  spatial  and  temporal  resolution. 
Applying  planar  Laser  Rayleigh  Scattering 
(LRS)  [Kampmann  et  al.  (1993)]  the 
temperature  field  has  been  investigated.  For 


Schematic  of  the  bluff-body  burner  and  the  field  of  view 
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*n  to 


more  extended  information  simultaneous  [Kramer  et.  al.  (1995);  Roberts  et.  al.  1992] 

qualitative  Laser  Induced  Fluorescence  (LIF)  of  OH-radicals  is  applied. 

2.1  Thermometry  -Laser  Rayleigh  Scattering 

To  enable  simultaneous  OH  (qualitative)  and  temperature  measurement  a  KrF  excimer  laser  with 
wavelength  X=248nm  and  a  pulse  length  of  15ns  has  been  applied  for  Rayleigh  Scattering  forming  a 
light  sheet  with  cylindrical  lenses  of  20mm  height  and  less  than  200pm  thickness  at  the  place  of  interest 
in  the  flame. 

The  Rayleigh  signal  is  proportional  to  the  number  of  molecules  in  the  gas  sample  weighted  with  their 
molecule  specific  Rayleigh  cross  section  factor  o(X).  Therefore  in  isobaric  conditions  comparing  the 
Rayleigh  signal  intensity  Ifiame  of  a  measurement  with  the  measured  signal  intensity  lair  at  known 
conditions  (air  with  Tret),  the  molecule  density  and  from  that  the  gas  temperature  T  can  be  calculated  by 
using  the  perfect  gas  law  from 

ty  >  _  t  *  I.ir(x>yWb**(x>y)  ft  Aflame 
nx,  y;  ■‘■ref  v  T  /  \  r=- 

Iflame  (X»  jO  ^back  (X>  )0  ^air  (  3  ) 

Here  17  is  the  averaged  Rayleigh  cross  section  factor  of  the  whole  sample  volume.  The  images  will  be 
corrected  with  the  background  noise  (Iback)  of  the  camera  system. 

The  investigated  images  are  taken  perpendicular  to  the  laser  sheet  by  an  intensified  14  bit  CCD  camera. 
Flame  luminosity  is  suppressed  by  setting  the  exposure  time  of  the  image  intensifier  down  to  100ns, 
sampling  only  laser-induced  signals.  For  thermometry  measurements  the  maximum  error  has  been 
estimated  to  be  11%,  taking  into  account  Signal-to-Noise-Ratio  (SNR)  better  than  12:1,  variation  of 
Rayleigh  cross  section  in  the  gas  volume  of  3%  and  laser  fluctuation  of  5%. 

.2  Simultaneous  OH-LIF  and  LRS 

igure2:  Schematic  set-up  for  simultaneous  T-and  OH-measurement 
For  simultaneous  measurement  of  OH-radicals  and  temperature  the  same  KrF  excimer  laser  is  tuned  to 
excite  the  Pi(8)  line  of  the  (3-0)transition  of  the  A-X  band  at  248.17nm.  [Kramer  et  al.  (1995)].  To 
separate  the  Rayleigh  and  the  LIF  signal  a  dichromatic  mirror  has  been  installed,  which  reflects  at 
248nm  but  transmits  at  308nm  (see  Fig  2).  With  this  set-up  a  resolutions  of  (58pm)2  per  pixel  can  be 
achieved.  A  bandpath  filter  (UG1 1)  is  installed  in  front  of  the  LIF-ICCD  camera  to  suppress  interfering 
signals  of  other  wavelengths.  Thus  a  qualitative  image  of  the  OH-concentration  field  can  be  obtained. 
Here,  the  SNR  waslarger  than  8.  The  reflected  Rayleigh  signal  is  measured  with  a  second  ICCD-camera 
with  a  pixel  resolution  of  (58pm)2.  The  cameras  will  be  operated  simultaneously  monitored  by  the  pre¬ 
trigger  signal  of  the  laser  which  initiates  a  recording  only  if  both  camera  systems  are  ready. 

Figure3:  Simultaneous  taken  images  of  the  T-  and  OH-distribution  (vexit=10.6  m/s,  <j)=0.6) 

3.  Evaluation  technique 

The  local  flame  front  thickness  is  calculated  from  the  extrapolation  of  the  steepest  temperature  gradient 
to  measured  To  and  Tmax.  From  the  received  raw  temperature  images  a  2-dimensional  gradient  field  of 
the  flame  front  is  determined  using  a  combination  of  a  horizontal  and  vertical  oriented  Sobel  filter 
within  a  3x3  matrix  [Dinkelacker  et.  al.,  (Kyongjul998)].  For  examination  of  the  flame  front  only  those 
gradients  are  sampled  where  the  temperature  has  a  value  of  about  (T  max  -To)/2.  Typically  in  this 
temperature  range  the  steepest  gradients  are  found.  From  simultaneous  obtained  OH-  and  temperature 
images  the  OH-radical  is  used  to  indicate  the  burning  reaction.  A  point  to  point  assignment  between 
OH-  and  temperature  field  is  achieved  by  a  transformation  rule  with  an  accuracy  of  1  pixel.  Regions 
with  high  OH-signals  ( superequilibrium )  and  steep  OH-concentration  gradients  indicate  local  reaction 
conditions.  Therefore  only  at  this  locations  the  flame  front  thickness  is  calculated  out  of  the  temperature 
images. 

For  each  investigated  flame  condition  the  ensemble  from  30  single-shot  images,  of  measured  conditional 
thickness,  containing  front  length  of  about  150  pixel  each,  is  collected  into  a  probability  density 
distribution.  From  that  the  maximum  value  is  taken  as  flame  front  thickness  for  this  characteristic 
burning  conditions.  A  systematic  error  is  produced  by  occasional  non-perpendicular  crossing  between 
the  three-dimensionally  oriented  front  and  the  light  sheet.  A  recent  systematic  comparison  between 
three-dimensional  and  two-dimensional  measurements  [Soika  et  al.  (1998)]  indicates,  that  with  this 
light-sheet  set-up  the  three-dimensional  flame  front  thickness  can  be  estimated  from  the  maximum  of  the 
two-dimensional  thickness  distribution.  Errors  of  the  thickness  measurement  are  estimated  to  ±50pm. 


25.6.3 


3.  Measurements 

3.1  Investigated  Flames  .  .  , 

The  thermal  flame  front  structure  is  measured  at  the  outer  flame  contour  in  two  different  regions  abo  e 
the  burner  nozzle  (pos.  1  1  l±8mm,  pos.2  34±8mm).  As  indicated  in  Fig  4  the  investigated  flames  are 
well  located  within  the  distributed  or  broadened  flames  regime  and  the  stirred  reactor  regime  of  the 


phase  diagram  [Peters  (1986)].  . 

Fi°ure4:  Phase  diagram  for  turbulent  premixed  flames  [Peters  1986]  with  exemplary  investigated  flame 
conditions.  The  laminar  flame  thickness  is  calculated  to  8i=Vi/sL,  where  Vi  is  the  kinematic 
viscosity  inside  the  flame  at  T=1250K  [Gottgenset  al.  (1993)];  open  (pos.2)  and  filled  (pos.l) 
symbols  indicate  two  different  downstream  positions  investigated 

(vexi.*5.1m/s,«13.8m/s,428.7m/s)  .  _ ,  . 

For  all  operation  conditions  the  temperature  images  show  a  sharp  partly  wrinkled  frontier  between  hot 
and  cold  cas.  For  high  exit  velocities  single  vortex  structures  are  visible  direct  above  the  burner  nozzle 
looking  similar  to  Rayleigh  instability  structures  of  corresponding  flow  systems.  Further  downstream  the 
flame  front  is  much  more  corrugated,  but  still  a  sharp  front  exists.  If  thermal  flame  thickness  is 
determined  without  OH  conditioning  results  not  easy  to  interpret  were  produced  (see  Fig5). 

Figure5 :  Measured  front  thickness  not  conditioning  with  reaction  criterion  (filled  symbols  pos.  1 ;  open 
pos.2) 

Therefore  simultaneous  temperature  and  OH  measurement  is  necessary.  The  OH-concentration  images 
are  used  to  detect  the  burning  reaction  zone  in  a  "tri-modal-way".  First  case:  fresh  fuel  or  air.  Here  no 
burning  takes  place  and  therefore  no  OH-signal  can  be  detected.  Second  case:  reaction.  A  relatively 
lar^e  OH  concentration  with  a  superequilibrium  value  and  steep  gradient  indicates  reaction  in  the  ear  y 
part  of  the  reaction  zone  (e.g.  upper  part  of  Fig.  6b).  Third  case:  burnt  gas.  Behind  the  reaction  zone  the 
hicrh  superequilibrium  OH  signal  reduces  gradually  to  the  equilibrium  value  of  the  burnt  region. 

Three  typical  OH-images  are  shown  in  Fig6.  Note  that  the  burner  nozzle  is  located  at  the  right  si  e 
(r=9  2-2  4cm).  The  temperature  measurements  at  these  location  show  a  strong  temperature  gradient 
immediately  above  the  burner  exit.  This  is  caused  by  the  contact  of  recirculated  hot  gas  with  fresh  cold 
fuel.  From  that  the  reaction  zone  would  be  expected  to  be  direct  above  the  nozzle.  In  the  OH-images  no 
superequilibrium-OH  can  be  found  here.  Obviously  the  reaction  zone  is  lifted,  which  is  only  revealed  in 
the  OH-images.  Up  to  a  height  of  about  1 1mm  the  low  equilibrium-OH  signal,  coming  from  contact  of 
recirculated  burnt  gas  fresh  fuel  is  visible. 

This  lift-off  is  different  to  lift-off  phenomena  of  e.g.  realised  in  a  jet,  a  swirl  burner  or  a  fresh-to-back 
configuration  of  two  jets.  In  these  cases  the  lift-off  is  achieved  by  hydrodynamically  stabilising  a  zone 
with  hot  gases  somewhere  above  the  burner  nozzle  enabling  there  the  ignition.  Further  upstream  the  flow 
condition  are  above  the  blow  out  limits  thus  the  flame  cannot  flashback  to  the  nozzle.  The  fuel  cannot  be 
i<mited  since  there  is  not  enough  heat  to  start  the  reaction  at  the  exit.  A  convective  ignition  delay 


OH-concentration  - - ► 
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Figure6:  Exemplary  images  of  OH-concentration  at  vexit  21.3m/s;  a:<j>  —0,8;  b:<|) — 0,7 ;  c:<|>  —0,65  (here 

burning  occurs  inside  the  less  turbulent  recirculation  zone);  the  burner  nozzle  is  located  at  r=2.2- 
2.4cm,  z=0mm 

Contrary  to  that  in  a  bluff-body  burner,  the  contact  with  the  hot  recirculation  zone  is  managed 
immediately  above  burner  nozzle.  No  convective  ignition  delay  should  take  place.  For  very  lean 
mixtures  (4><0.7)  and  high  exit  velocities  (>21.3m/s)  burning  occurs  partially  inside  the  less  turbulent 
core  of  the  recirculation  zone,  while  no  ignition  occurs  at  the  outer  contour  of  the  flame  (Fig6c).  The 
location  of  reaction  zone  fluctuates  between  the  core  and  the  contour  of  the  flame. 

3.2  Flame  Front  Thickness 

In  height  2,  there  is  usually  a  reaction  and  therefore  a  real  flame  front  visible,  except  at  exit  velocity 
>21,3  m/s,  <{>=0.65.  Comparing  only  reacting  cases  with  laminar  calculated  unstretched  flames 
[Gottgens  &  Dinkelacker  (1997)],  a  slightly  increased  flame  front  thickness  for  stoichiometric 
methane/air  mixtures  and  a  significant  decrease  for  lean  mixtures  <|>  <0.7  can  be  observed  (examples 
given  iriFig7). 

Figure7:  Measured  flame  front  thickness  at  height2  in  comparison  to  calculated  laminar  unstretched 
flames  [Gottgens  &  Dinkelacker  (1992)] 

Figure8:  Flame  front  thicknessS  normalised  by  thicknessSi.  of  a  calculated  laminar  unstretched 
frontplotted  against  local  stretch  parameter  Kt 

Plotting  measured  flame  front  thickness,  normalised  by  the  thickness  of  the  calculated  laminar 
unstretched  flame  8l  versus  the  local  stretch  factor  [Bradley  1992] 

KT=(u7lT)/(8LZel/SL)  =  aT*V/SL2  (  4  ) 

an  influence  of  local  stretch  on  the  flame  front  is  visible  (Fig8).  Here 

aT  =  (Va’2+Vr’2+Vt'2)0.5/lT  =(2*k)0.5/lT  (  5  ) 

is  the  turbulent  strain  rate,  calculated  with  the  Taylor  length  It,  while  v  is  the  kinematic  viscosity  of  cold  gas 
mixture  and  sl  the  laminar  burning  velocity. 

If  the  thermal  flame  front  thickness  is  determined  for  conditions  without  reaction  (missing 
superequilibrium-OH)  it  is  found  to  be  independent  of  equivalence  ratio  and  exit  velocity  (Fig9).  The 
averaged  thickness  at  8  mm  height  is  560  pm  and  at  30mm  650  pm.  The  independence  of  the  thermal 
thickness  from  stoichiometry  and  the  increase  with  height  indicates  that  here  diffusional  heat  transfer 
without  reaction  takes  place,  since  for  reacting  flame  fronts  the  thermal  thickness  depends  strongly  on 
This  fits  to  the  observation  of  missing  superequilibrium-OH.  Basing  thermal  diffusion  as  heat  transfer 
mechanism,  the  profile  and  thickness  of  the  front  should  be  dependent  on  time  after  contact  with  hot 
gases  and  therefore  dependent  on  exit  velocity.  But  no  different  profiles  are  visible.  On  the  other  hand 
heat  transfer  should  increase  with  the  turbulent  intensity.  Obviously  both  effects  compensate  each  other. 
Figure9:  Front  thickness  without  reaction 
(filled  pos.l,  open  pos.2) 

3.3  Lifted  reaction  zone 

Lift-off  heights  for  the  different  flame  conditions  are  shown  in  Fig  10.  The  lift-off  height  is  about  1 1mm 
for  nearly  all  equivalence  ratios  and  exit  velocities.  Only  for  very  lean  mixtures  with  exit  velocities 
above  21,3m/s  the  reaction  starts  at  a  higher  position. 

These  behaviour  cannot  be  explained  by  a  unique  ignition  criterion.  Instead  it  seems  that  two  different 
conditions  have  to  be  fulfilled  for  ignition 

(a)  chemical  ignition  delay  and 

(b)  sufficient  low  turbulent  strain  rate. 

For  the  chemical  delay  a  strong  dependency  on  temperature  is  known  [Wamatz  et  al.  (1986)].  Since  the 
temperature  of  the  hot  gas  depends  strongly  on  <>,  the  ignition  delay  time  T  is  significantly  larger  for  lean 
mixtures),  leading  to  a  qualitative  behaviour  as  shown  in  Fig.  10  (dottedline). 

FigurelO:Height  of  measured  (full  line)  and  theoretical  ignition  derived  from  chemical  ignition  delay 
(dotted  line) 

While  the  chemical  ignition  delay  time  depends  on  the  flame  temperature  and  thus  on  the  stoichiometry, 
it  is  dominant  for  very  lean  mixtures  with  low  flame  temperatures.  Here  an  ignition  height  is  found, 
which  can  be  understood  from  different  convection  velocities. 
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On  the  other  hand  high  turbulent  strain  rates  can  also  be  the  reason  of  quenching,  or  in  this  case  for  the 
prevention  of  ignition  [Pitts  et  al.  (1989)].  If  this  effect  is  independent  from  the  chemical  mixture,  a 
constant  lift-off  height  should  be  found  for  different  <j>  and  one  exit  velocity.  A  combination  of  both 
effects  should  lead  to  a  lift-off  height  behaviour  as  found  experimentally  (Fig.  10  full  line). 

Assuming  a  ^-dependent  ignition  delay  time  the  "chemical-dominated”  lift-off  height  is  expected  to 
increase  with  higher  convection  velocity,  which  fits  to  the  observation  (vexit  28.7m/s,  Fig.  10).  On  the 
other  hand  the  "chemical”  lift-off  height  is  expected  to  be  lower  for  reduced  exit  velocities,  which  m  the 
observed  case  (vexit  13.8m/s,  $>0,7)  obviously  is  below  the  "turbulence-dominated”  lift-off  height. 

Thus,  the  combination  of  a  turbulent  dominated  criterion,  being  independent  on  stoichiometry,  and  a 
chemical  ignition  delay  criterion  can  explain  the  observed  lift-off  height  behaviour  in  a  remarkable 

manner.  . 

Furthermore  we  tried  to  find  a  suitable  criterion  for  the  turbulent  dominated  lift-off  cases  (no  in¬ 
dependency,  vexit  13.8m/s,  21.3m/s  with  ©>0.7).  For  that  we  determined  four  different  characteristic 
quantities  from  the  turbulent  flow-field  and  the  flame,  measured  with  LDV  and  referenced  to  the 
corresponding  position  of  the  most  probable  flame  front  location. 

Two  quantities  describe  the  turbulent  flow  field:  The  mean  strain  rate  Am=|dV/dy)|  describes  the 
gradient  of  the  mean  flow,  while  the  turbulent  strain  rate  ai=v'rWlT  is  a  measure  for  the  small  scaled 
turbulence.  For  both  the  corresponding  normalisation  with  thermochemical  data  of  the  flame  mixture  is 
determined  additionally,  leading  to  Km=Am*v/sL2and  Ki=aT*(8uzei/sL).  Note  that  Kt  correspondents  to 
the  "Karlovitz  number”  used  in  [Bradley  (1992)]. 

Figure  1 1  Comparison  of  different  critical  local  strain  parameter  for  lifted  reaction  zones 

Plotting  the  local  burning  or  non-burning  condition  as  a  function  of  these  four  quantities  (Fig.  1 1)  it  can 
be  found  that  Am,cnt  =  1800  s-i  is  a  suitable  criterion  for  ignition  in  these  flames,  while  all  other 
quantities  (including  the  Bradley  Karlovitz  numberKT)  show  overlapping  regions  of  burning  or  non- 
burning  conditions,  thus  being  not  suitable  as  a  distinctive  criterion. 

4.  Conclusion 

With  the  investigated  bluff  body  burner  highly  turbulent  flames  can  be  produced.  At  this  turbulence 
conditions  a  burning  reaction  is  not  always  visible  at  the  border  of  hot  gas  towards  fresh  fuel.  Since  this 
effect  is  not  visible  in  temperature  images,  in  experiments  an  indicator  for  reaction  intensity,  like  OH 
concentration  ascent  has  to  be  measured,  too.  Then  the  measured  temperature  fronts  can  be 

distinguished  in  non-reacting  and  reacting  flame  fronts. 

Compared  with  calculated  unstretched  laminar  flames  a  thinning  of  the  flame  front  is  visible  for  the 
reacting  case,  which  is  contrary  to  the  models  included  in  the  phase  diagram  [Peters  (1986)].This 
thinning  is  found  to  be  dependent  on  the  local  stretch  factor  Kt. 

Directly  above  the  burner  nozzle  up  to  a  height  of  1 1mm,  no  burning  reaction  can  be  detected.  Instead  a 
lifted  reaction  zone  is  found.  While  for  $  >  0.7  starting  point  of  reaction  is  found  to  be  not  dependent  on 
exit  velocity  and  equivalence  ratio,  for  very  lean  mixtures  a  $  and  vexit  dependency  is  visible. 

For  an  explanation  of  this  finding  two  different  ignition  criteria  seem  to  be  necessary,  taking  into 
account  both  chemical  ignition  time  and  a  hydrodynamic  strain. 

Since  the  chemical  ignition  delay  time  depends  on  the  flame  temperature  it  is  dominant  for  very  lean 
mixtures  with  low  flame  temperatures.  Only  if  this  effect  is  shorter  than  a  certain  value,  the  local 
hydrodynamic  strain  seems  to  determine  the  lift-off  height.  As  a  suitable  lift-off  criterion  for  the 
hydrodynamic  case  the  mean  strain  rate  Am=|dV/dy|=1800s-i  distinguishes  between  burning  and  non- 
bumin°  conditions.  The  strain  rate  aT,  representing  the  strain  influence  from  eddies,  and  also  the  non- 
dimensionalised  strain  rates  -  including  Bradley's  Karlovitz  stretch  factor  Kt  -  are  not  suitable.  To 
predict  the  lift-off  height  of  the  flame  both,  the  turbulent  and  the  chemical  dominated  ignition  criterion 
have  to  be  considered. 
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ABSTRACTS 

The  interaction  between  the  flow  and  free  surface 
of  liquid  is  very  important  to  evaluate  the  free  sur¬ 
face  turbulence.  In  order  to  measure  the  free  surface 
shape  variation  quantitatively,  the  specklegram  tech¬ 
nique  is  applied  to  free  surface  measurement.  The 
laser  light  through  the  optical  fiber  have  lots  of  speckle 
noises.  When  the  light  with  speckle  is  illuminated 
from  the  bottom  to  surface,  the  speckle  pattern  re¬ 
fract  at  the  free  surface.  With  measuring  the  speckle 
pattern  movement,  the  information  of  the  free  sur¬ 
face  is  obtained.  The  displacement  of  the  speckle  pat¬ 
tern  gives  the  surface  inclination.  Then,  the  surface 
shape  was  reconstructed  using  the  linear  approxima¬ 
tion.  The  experiments  of  the  water  and  polymer  so¬ 
lution  jet  demonstrate  the  effectiveness  of  the  present 
technique. 

1  INTRODUCTION 

The  interaction  between  the  flow  and  free  surface 
of  liquid  is  very  important  to  evaluate  the  free  surface 
turbulence.  The  three-dimensional  free  surface  shapes 
and  the  three-dimensional  velocity  distributions  be¬ 
neath  the  free  surface  should  be  simultaneously  mea¬ 
sured.  Several  techniques  to  measure  the  free  sur¬ 
face  shapes  had  been  proposed  using  the  light.  Dabiri 
et  al.  (1997)  proposed  the  color  light  reconstruction 
technique.  They  illuminated  the  free  surface  using  the 
color  light.  The  inclinations  were  obtained  with  the 
function  of  color  (RGB)  image,  using  the  geometrical 
reflection  information.  However,  the  color  coding  for 
accurate  measurement  was  relatively  difficult.  Also 
the  setup  of  the  measurement  system  was  complex, 
since  they  used  the  light  reflection.  Suzuki  and  Sum- 
ino  (1995)  proposed  the  photometric  stereo  technique 
using  twin  light  source.  They  also  used  the  reflection 
at  free  surface.  In  these  techniques,  the  light  source 
position  and  color  plate  should  be  precisely  set.  Be¬ 
cause  the  accuracy  of  the  light  source  position  directly 
related  to  the  reconstructed  wave  shape. 

Using  the  refraction  at  the  free  surface,  many  re¬ 
searchers  (e.g.,  Jehne  et  al.  1994)  proposed  the  optical 


technique  for  the  inclination  measurement.  However, 
to  get  the  accurate  results,  the  system  was  relatively 
complex. 

The  specklegram  is  widely  used  to  measure  the  wall 
surface  variation.  The  movement  of  the  speckle  pat¬ 
tern  reflected  the  wall  surface  was  calculated  from  the 
visualized  images,  then,  the  variation  of  the  wall  could 
be  analyzed.  The  specklegram  measurement  needs 
just  the  laser  source  and  camera  system,  showing  the 
very  simple  system. 

In  this  study,  the  specklegram  was  applied  to  mea¬ 
sure  the  free  surface  movement.  Also,  to  quantita¬ 
tively  measure  the  absolute  water  level  variation,  the 
random  reconstruction  technique  was  proposed.  To 
reconstruct  the  surface  shape  easily,  the  refraction  at 
the  surface  was  used.  With  the  simple  and  easy  setup, 
high  accurate  surface  shape  could  be  reconstructed. 

2  SPECKLEGRAM  FOR  INCLINATION  MEASURE¬ 
MENT 

2.1  Visualization 

The  original  specklegram  was  applied  to  measure 
the  small  surface  vibrations.  The  laser  light  illumi¬ 
nated  onto  the  solid  surface  might  contain  lots  of  small 
speckles.  With  tracking  the  speckle  pattern  move¬ 
ment,  the  solid  surface  vibrations  could  be  easily  visu¬ 
alized  and  quantized.  Therefore,  the  camera  settings 
and  image  analysis  were  very  simple,  showing  the  high 
effectiveness  of  the  specklegram  technique. 

In  order  to  measure  the  liquid  free  surface  vibration, 
the  similar  technique  can  be  applied.  However,  the 
reflection  at  liquid  surface  is  not  the  same  with  that 
at  solid  surface.  Only  small  portion  of  the  laser  light 
is  reflected  at  the  liquid  surface.  Also  the  reflected 
light  highly  depended  on  the  direction.  Therefore, 
Dabiri  and  Gharib  (1993)  used  the  relatively  low  angle 
illumination,  causing  the  system  to  be  complex. 

In  this  study,  the  refraction  at  the  liquid  surface  is 
used  in  stead  of  the  reflection.  The  laser  light  through 
the  optical  fiber  system  contains  lots  of  speckle  noises 
caused  by  the  small  defection  of  the  fiber  and  multi¬ 
reflection  at  the  fiber  surface.  The  speckle  noises 
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Figure  3:  Example  of  specklegram 


Figure  1:  Schematic  of  the  specklegram  illumination 


through  the  optical  fiber  is  applied  to  the  speckle  pat¬ 
tern  for  the  surface  measurement.  The  corn  beam 
laser  ejected  from  the  optical  fiber  is  converted  into 
parallel  beam  using  the  lens.  The  liquid  free  surface 
is  illuminated  from  the  bottom  of  the  test  tank,  i.e., 
the  direction  of  the  laser  light  is  perpendicular  to  the 
free  surface. 

Figure  1  shows  the  schematic  of  the  inclination 
measurement.  Without  the  liquid  surface  disturbance 
(plane  surface),  the  illuminated  parallel  laser  light  is 
not  refracted  at  the  interface  (free  surface).  Then,  the 
speckle  pattern  projected  on  the  screen  is  recorded  by 
CCD  Video  camera  (Sony  DCR-TRV9).  When  the 
water  free  surface  is  affected  by  turbulent  jet,  the  sur¬ 
face  shape  is  distorted.  The  inclination  of  the  surface 
causes  the  laser  light  refraction  at  the  surface,  result¬ 
ing  in  the  projected  speckle  pattern  to  be  distorted. 

As  shown  in  Fig.  2,  the  pattern  distortion  ( 5 )  is 
directly  depended  on  the  surface  inclination  and  loca¬ 
tion. 

S  =  (L  —  h')ta,n9  (1) 


nsin#  =  sin(0  +  <j>) 


(2) 


where  n  denotes  the  refraction  index  of  the  liquid. 
The  vertical  variation  (h')of  surface  location  also  af¬ 
fects  on  the  inclination  (9).  Because  the  variation  is 
usually  very  smaller  than  the  distance  ( h '  <C  L),  the 
variation  could  be  neglected.  Also,  when  the  distor¬ 
tion  ( 5 )  is  small  enough,  following  approximation  is 
applicable. 

0«tan0«sin0  (3) 


With  substituting  the  equations,  the  inclination  (6  — 
dh'/dx )  could  be  expressed  as, 


(n-l)L' 


(4) 


Then,  the  normal  vector  at  the  surface  can  be  easily 
obtained. 


2.2  Image  Analysis 

Figure  3  shows  the  example  of  the  speckle  images. 
The  left  image  corresponds  to  the  plane  liquid  surface 
and  right  does  to  the  turbulent  surface.  The  speckle 
patterns  are  distorted  by  the  surface  inclinations. 

Using  the  cross-correlation  technique,  the  displace¬ 
ment  of  the  pattern  is  calculated.  In  the  calculation 
of  the  cross-correlation  factor,  the  following  equation 
is  applied, 

_  X)(/(x,t/)  —  f){9(x+s,y+t )  —  9) 

A(s,t)  =  - /  _  . "  W 

> JUf~f)2U9-9 )2 

Because  of  the  refraction  at  the  free  surface,  the 
projected  light  intensity  varies  dramatically.  There¬ 
fore,  the  normal  cross-correlation  technique  using 
FFT  may  give  lots  of  errornous  data.  With  substitut¬ 
ing  the  average  intensity,  the  efficiency  of  the  pattern 
matching  is  improved. 
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Figure  4:  Schematic  of  experimental  setup 


Since  the  image  resolution  is  not  so  high,  the 
cross-correlation  functions  are  interpolated  using  the 
parabolic  function  for  obtaining  the  sub-pixel  resolu¬ 
tion.  The  accuracy  for  sub-pixel  displacement  calcula¬ 
tion  was  verified  using  the  PIV  Standard  Images  pro¬ 
vided  by  Visualization  Society  of  Japan  (VSJ,  1997). 
The  accuracy  was  confirmed  to  be  0.1  pixel  resolution 
using  the  present  cross-correlation  program. 

The  size  of  the  speckle  image  is  320  x  240  pixel. 
The  displacement  vectors  are  calculated  for  the  grid 
point.  The  interrogation  area  for  the  cross-correlation 
is  20  x  20  pixel.  The  surface  inclination  at  the  grid 
point  is  calculated  using  Eq.(4). 

The  surface  shapes  are  reconstructed  from  the 
surface  inclination  information.  To  reconstruct  the 
shapes,  random  reconstruction  technique  is  applied. 
Initially,  the  surface  shapes  are  assumed  to  be  flat, 
i.e.,  h'(x,y)  —  0.  With  generating  the  random  num¬ 
ber,  certain  location  (x,  y)  and  direction  (x/y-axis)  is 
selected  randomly.  The  surface  (A')  is  then  modified 
according  to  the  inclination, 

(h'(x  +  Ax,y)-ti(x,y)  Q\ 

e=a[ — s - V  (6) 

where  a  is  a  relaxation  factor  (a  <  0.5),  and  e  is  a 
modified  height  in  one  step,  ( A '  =>  h'±e,  respectively). 
This  procedure  is  repeated  until  the  surface  shape 
convergence.  Then,  the  converged  surface  shape  is 
the  reconstructed  one.  Using  the  above  procedure,  the 
average  surface  height  remains  to  be  zero,  QT)  h!  =  0). 

3  EXPERIMENT  AND  DISCUSSION 
3.1  Experimental  Setup 

The  present  technique  was  applied  to  the  experi¬ 
ment  of  interaction  between  jet  and  free  surface.  Fig¬ 
ure  4  shows  the  schematic  of  the  experimental  setup. 
The  test  section  was  a  rectangular  tank  having  a  free 
surface.  A  circular  nozzle  was  set  horizontally  beneath 
the  free  surface  to  form  a  jet.  The  nozzle’s  inner  di¬ 
ameter  is  5 [mm].  The  center  of  the  nozzle  was  set 
10[mm]  under  the  free  surface  (H/D  =  2). 

The  injected  jet  interacted  with  the  free  surface, 
causing  the  wavy  free  surface  condition.  The  head 
tank  was  used  to  supply  the  constant  flow  rate. 


water  Polymer  solution 

(L=10mm)  (L=30mm) 


Figure  5:  Specklegram  of  water  and  polymer  solution 


The  velocity  of  the  injected  jet  was  set  to  1.35[m/s] 
(Reynolds  number  was  about  7500). 

In  this  study,  to  clarify  the  surface  shape  variation, 
the  polymer  solution  jet  was  also  used.  The  poly¬ 
mer  solution  was  an  aqueous  solution  of  a  polyacry- 
lamide(50  wppm),  whose  average  molecular  weight 
was  about  10  million.  The  dry  polymer  powder  was 
solved  into  water.  The  mixed  polymer  solution  were 
kept  for  more  than  24  hours  to  hydrate. 

With  the  polymer  solution,  the  turbulence  were 
modified,  i.e.,  Toms  Effects  (Toms,  1948,  Virk,  1975). 
The  injected  jet  condition  will  be  varied  from  the  pure 
water  condition,  although  the  Reynolds  number  was 
almost  the  same.  The  surface  tension  of  the  polymer 
solution  (polyacrilamide;  50wppm)  was  confirmed  to 
be  the  same  with  that  of  pure  water  (Ishizaki  et  al, 
1995).  Therefore,  the  polymer  solution  only  affected 
on  the  jet  turbulence.  The  surface  response  for  the 
polymer  solution  was  not  clarified  yet.  However,  the 
surface  shape  will  be  much  calm  than  that  of  pure 
water  jet. 

In  this  study,  the  polymer  solution  jet  was  injected 
into  polymer  solution  and  water  jet  was  injected  into 
water,  respectively.  The  free  surface  shape  was  mea¬ 
sured  for  the  water  and  the  polymer  solution. 

3.2  Visualized  Surface 

Figure  5  shows  the  example  of  visualized  free  sur¬ 
faces  for  pure  water  and  polymer  solution.  The  qual¬ 
itative  wave  shape  can  be  recognized  with  the  inten¬ 
sity  variation  of  the  surface  images.  At  the  top  of  the 
wave,  the  positive  curvature  shape  of  the  free  surface 
acts  as  the  convex  lens,  causing  the  laser  intensity  to 
increase.  While,  at  the  bottom  of  the  wave,  the  im¬ 
age  intensity  is  dark.  Thus,  the  wave  shape  can  be 
qualitatively  visualized.  In  the  polymer  solution  im¬ 
ages,  the  bottom  half  of  the  illumination  are  lacked. 
From  these  figures,  high  frequency  waves  are  visual¬ 
ized  for  the  water  surface,  while  the  polymer  solution 
surface  is  relatively  calm.  The  qualitative  information 
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Polymer  solution 


Figure  6:  Displacement  vector  calculated  by  cross-correlation  technique 


Water  surface  Polymer  solution  surface 


Figure  7:  Reconstructed  water  level 


are  also  obtained  from  the  specklegram  images. 

In  this  study,  the  quantitative  information  is  cal¬ 
culated  from  the  specklegram  images  using  cross¬ 
correlation  technique.  The  intensity  variation  causes 
the  noise  of  the  images  Figure  6  shows  the  example 
of  the  calculated  displacement  vectors  calculated  by 
the  cross-correlation  between  the  reference  and  tar¬ 
get  images.  The  surface  wave  is  quantitatively  cap¬ 
tured.  From  these  displacement  vectors  (<5),  the  incli¬ 
nation  and  surface  height  distributions  are  calculated 
as  shown  in  Fig.  7.  Since  the  laser  light  illuminated 
with  circle  shape,  only  the  visualized  surface  heights 
are  captured.  The  diameter  of  the  visualized  surface 
area  is  about  10cm.  The  surface  shape  is  quantita¬ 
tively  reconstructed. 

For  the  water  surface,  the  spatial  frequency  of  the 


wave  is  high  and  the  surface  inclinations  are  steep. 
For  the  polymer  solution  surface,  because  the  polymer 
modify  the  turbulence  condition,  the  surface  wave  is 
calm.  These  tendencies  are  quantitatively  obtained. 
Also,  the  surface  wave  information  can  be  quantita¬ 
tively  calculated  from  the  water  level  height  data. 

3.3  Surface  Movement 

The  visualized  images  are  recorded  onto  the  Digital 
Video  camera  (Sony  DCR-TRV9).  The  image  capture 
interval  is  1/30  sec  (33.3msec).  With  analyzing  the 
surface  fluctuation,  the  information  of  surface  distur¬ 
bance  could  be  obtained.  Figure  8  shows  the  tran¬ 
sient  free  surface  height.  The  wave  propagates  from 
top  to  downstream.  The  quantitative  information  can 
be  easily  reconstructed. 
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Figure  8:  Transient  free  surface  shapes 


Because  the  surface  height  is  reconstructed  from  the 
inclination,  the  relative  height  (h')is  obtained.  In  the 
reconstruction  process,  the  surface  height  is  modified 
randomly.  Since  the  height  modifications  are  always 
+e  and  — e,  the  average  value  of  h'  in  the  area  re¬ 
mains  to  be  zero.  Therefore,  the  relation  between 
relative(h')  and  absolute  height  (if)  is  expressed  as, 

H(x,y,t)  =  ti(x,y,t)  +  C{t),  (7) 

where  C(t)  is  the  average  water  level  of  the  target 
area  at  t  —  t.  The  target  area  is  about  10cm  in  diam¬ 
eter,  which  is  relatively  larger  than  the  wave  length. 
Therefore,  average  water  level  (C)  could  be  assumed 
to  be  almost  constant.  With  the  present  assumption, 
the  absolute  height  can  be  easily  determined. 

Figure  9  shows  the  example  of  the  water  level  fluc¬ 
tuation  obtained  by  the  present  technique.  The  se¬ 
lected  location  is  the  center  of  the  image,  i.e.,  50  mm 
downstream  of  the  jet  nozzle.  The  surface  fluctuation 
can  be  clearly  measured.  Figure  9  also  shows  the  wa¬ 
ter  level  fluctuation  data  taken  by  the  condenser  type 
water  level  meter  with  100  Hz  sampling.  The  data 
of  water  level  meter  contains  lots  of  noises.  The  am¬ 
plitude  of  the  present  measurement  technique  is  rela¬ 
tively  smaller  than  that  of  water  level  meter.  The  wa¬ 
ter  level  meter  data  have  errors  caused  by  the  surface 
tension  and  measurement  system.  It  contains  with 
relatively  large  noises,  showing  larger  amplitude  of 
the  wave  fluctuation.  The  present  technique  also  has 
the  problems.  In  the  cross-correlation  calculation,  the 
displacement  is  obtained  for  the  area  averaged  value. 


Time  (sec) 

Figure  9:  Waterlevel  fluctuations 


Therefore,  the  measured  inclination  might  be  a  little 
bit  smaller  than  the  actual  inclination.  These  small 
error  may  cause  the  smaller  fluctuation.  The  improve¬ 
ment  of  the  surface  height  measurement  technique  is 
the  next  task.  However,  the  surface  fluctuation  fre¬ 
quencies  in  both  data  are  almost  similar.  The  present 
technique  is  confirmed  to  be  obtained  the  quantitative 
absolute  water  level  data. 

3.4  Simultaneous  Measurement 

In  this  study,  to  quantize  the  free  surface  location, 
the  free  surface  is  illuminated  by  the  cylindrical  laser 
light.  Therefore,  the  flow  field  under  the  free  surface 
was  simultaneously  visualized.  With  using  the  three- 
dimensional  PIV  technique,  the  flow  field  under  the 
free  surface  can  also  be  measured.  However,  there 
exists  several  problems  to  measure  the  velocity  under 
the  free  surface. 

The  visualized  area  is  relatively  large,  i.e.,  ^lOcm 
and  10cm  height.  So,  the  accurate  measurement  using 
the  CCD  camera  is  not  so  easy.  The  surface  reflection 
may  generate  the  imaginary  particle  image.  Also,  the 
reflection  at  the  screen  may  destroy  the  particle  im¬ 
age.  To  establish  the  three-dimensional  simultaneous 
measurement,  these  problems  should  be  overcomed. 
However,  with  restricting  the  illumination  area,  the 
simultaneous  measurement  will  be  able  to  carried  out. 

4  CONCLUSION 

The  specklegram  technique  was  applied  to  measure 
the  free  surface  shape  variation  quantitatively  The 
laser  light  with  speckle  noises  caused  by  the  optical 
fiber  was  illuminated  from  the  bottom  to  surface.  The 
speckle  pattern  was  refracted  at  the  free  surface,  re¬ 
sulting  in  the  pattern  to  be  distorted.  With  measuring 
the  speckle  pattern  distortion,  the  information  of  the 
free  surface  is  obtained.  The  surface  shape  was  recon¬ 
structed  using  the  linear  approximation.  The  experi- 
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ments  of  the  water  and  polymer  solution  jet  demon¬ 
strate  the  effectiveness  of  the  present  technique. 
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ABSTRACT 

In  a  previous  paper  (Hino,  1997),  the  well-known 
technique  of  double  Fourier  series  expansion  has  been 
applied  to  solve  the  inverse  problem  of  CT-type  2D 
laser  concentration  meter.  The  method  had  some 
defects  that  the  accuracy  of  solution  to  the  inverse 
problem  is  considerably  lowered  by  the  measurement 
errors  included  incidentally. 

In  this  paper,  a  new  method  of  ‘  virtual-load  ’ 
estimation  (Hino,  1975)  is  applied.  A  field  is 
considered  to  be  the  deflection  of  a  Virtual  elastic  plate’, 
deformed  by  ‘  virtual  loads  ’  (w).  The  problem  reduces 
to  solve  a  system  of  simultaneous  linear  equations 
(A  •  w  =  R)  in  which  the  matrix  A  is  composed  of  the 
Green  function  of  virtual  plate  deflection  and 
components  of  the  given  vector  R  are  the  decay  rates  of 

intensities,  which  are  the  integrated  information 
of  the  field. 

The  usefulness  and  effectiveness  of  the  ‘  virtual- 
load  ’  method  compared  to  the  Fourier  expansion 
method  are  confirmed  by  numerical  simulation  and 
laboratory  experiment. 

1.  INTRODUCTION 

Various  methods  and  principles  of  the  inverse-, 
and  /  or  invasive  or  remote  sensing  estimation  of  an 
object  and  a  flow  field  are  developed  in  recent  years. 
CT(  Computer  Tbmography  )  used  especially  in 
medicine  is  a  well-known  technique  to  detect 
invasively  or  remote  sensingly  the  internal  structure  of 
non-transparent  materials. 


1 . 1  Velocity  Measurement : 

For  invasive  or  non-inserting  measurement  of 
flow  velocities,  LDV  (  Laser  Doppler  Velocimeter  ) 
based  on  the  phenomenon  of  Doppler  shift  of  scattered 
laser  frequency  is  no-a-days  widely  applied  in 
laboratories  for  use  in  water  as  well  as  in  air. 
Supersonic  anemometers  are  used  in  meteorology  and 
recently  in  lakes,  rivers  and  ocean.  Recently,  the  PIV 
and  PTV  have  advanced  from  the  qualitative 
visualization  technique  of  flow  field  to  the  quantitative 
one  of  flow  velocity  measurement. 

1.2  Concentration  Measurement : 

On  the  other  hands,  the  development  of 
measurement  technique  of  concentration  seems  to  be 
delayed.  Concentration  measurement  of  solute  or 
sediment  at  a  point  are  made  by  either  the  electric 
conductivity  of  solution  or  the  intensity  variation  of 
light  from  photodiode  through  narrow  spacing. 

Two-dimensional  concentration  distribution  of  a 
flow  field  is  usually  measured  by  taking  the  sliced 
picture  of  dye  visualized  by  strong  light  sheet. 
However,  the  applicability  of  this  kind  of  technique  is 
rather  limited.  In  meteorology,  rader  technique  is 
applied  for  2-D  or  3-D  measurement  of  the 
distributions  of  doud  /  rain  droplets  and  aerosol. 

In  principle,  X-ray  CT-scan  or  supersonic  device 
used  in  medicine  may  be  applied  for  2-D  measurement 
of  flow  concentration  field.  However,  the  former 
apparatus  is  too  large  and  heavy  to  be  operated  in  a 
laboratory  or  outdoor  real  flow  (  river  )  and  too 
expensive  for  purchase  by  common  researchers  and 
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the  second  one  is  designed  for  inspection  of  a  local  of  laser  light  intensity  (I)  through  a  concentration  field, 

organ  of  human  body,  and  difficult  to  apply  directly  to  C(  x,y ),  is  expressed  by 

flow  field. 

dl/ds=— AC(x,  y)  •  I  (1) 

Aim  of  this  study  : 

In  order  to  resolve  these  defects,  we  developed  a  where  s  means  a  distance  along  a  laser  ray  path, 
handy  CT-type  2D  laser  concentration  meter.  The 

design  policy  we  adopted  is  as  follows,  x  =  xx  +  s  •  cos  0  (2) 

(1)  The  apparatus  has  no  moving  parts  except  y  =yj  +  (*2~  *i)-  tan  0  (3) 

the  control  device  of  laser  ray  direction,  tan  0  =  (  y2  -  yi )  /(  x2-  x1 )  (4) 

(2)  The  apparatus  is  as  simple  as  possible,  and 

is  designed  not  to  disturb  flow  fields,  where  subscripts  i,  j  are  neglected  for  simplicity,  and 

(3)  The  scanning  period  should  be  shortest  to 

obtain  the  instantaneous  measurement,  Serial  number  ( II )  is  given  to  each  ray  path 

(4)  The  apparatus  should  be  low  cost  for  which  is  emitted  from  (x^yj  and  received  at  (x^y-g) 

common  researchers  to  buy  it. 

n=(iu-i )  -i^+is  (5) 

2.  APPARATUS  and  METHOD  OF  ANALYSIS  Inverse  Problem  : 

Integrating  Eq.(l)  along  the  ray  path,  we  obtain 
Arrangement  of  Source  and  Receiver  of  Laser  the  following  relation, 

Ray  : 

An  array  of  laser  sources  units  are  placed  on  one  R(yi,y2)  =/C(x,  y)ds 

side  and  photo-cells  (laser  ray  receivers)  on  the  =/C(x,yi+x- tan0)dx/cos0  (6) 

opposite  side  of  a  square  frame.  A  laser  ray  is  emitted 

from  point  Iu  the  coordinate  of  which  is  designated  as  where  R  ( yj,  y2 ),  the  decayed  ray  intensity,  is  so-to- 

(xjj,  yli4.=l,2,...^aJ  and  without  broadening  received  speak  an  integrated  information  on  C(x,y)  brought 

by  a  I2jth  photocell  at  ( x^,  y*.  j=  1,  2, ...  Fig.  1 ).  about  by  a  ray, 

The  intensity  of  ray  is  denoted  as  Iy.  The  extinction 


Fig.  1  :  Diagram  of  arrangement  of  source  and  receiver,  and  ray  paths  of  CT-type  laser  concentration 
measuring  system. 
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R(y„ys)  =(A)1ln(l/l0) 


(7) 


A.-f=  C 


(9) 


By  some  means,  we  must  solve  Eq.(6)  to  find  inversely 
the  2-D  concentration  field  C  (  x,  y ). 

Contrary  to  the  common  belief  the  standard 
method  of  solving  the  inverse  problem  ;  i.e.  double 
Fourier  expansion  has  proved  to  be  inappropriate. 
Measurement  error  gives  rise  to  singular  matrix  to  fail 
to  solve  the  inverse  problem. 

Anew  technique  of'  virtual-plate  and  load  ’  which 
was  proposed  by  one  of  writers  ( Hino  1975 )  is  applied 
instead.  The  method  is  a  kind  of  2-dimensional  inter¬ 
polation  technique.  A  two-dimensional  concentration 
field  ,  f(  x,  y  ),  is  considered  to  correspond  to  the 
deflection  of  an  elastic  plate  by  loads  acting  on  various 
points  ( £ ,  7})  of  the  plate.  By  use  of  Green’s  function 
G(  x,y  ;  £ ,  Tj)  which  means  the  deflection  of  a  plate  at 
arbitary  point  (  x,  y  )  by  unit  load  on  point(  £ ,  t?)  . 
The  formula  to  be  solved  is  expressed  in  a  matrix  form, 
and  discribed  in  detail  in  section  4. 

3.  SOLUTION  by  DOUBLE  FOURIER  EXPANSION 

Formulation  of  Inverse  Solution : 

The  mostly  favored  standard  way  of  solving  the 
inverse  problems  of  this  sort  is  to  have  recourse  to  the 
Double  Fourier  Expansion  of  an  unknown  field. 

A  concentration  field  is  expressed  by  Eqs.  ( 8a, b ), 

C(x,y)  =f/f(Kx,  Ky)  •  exp  { 27ri(  Kx+I^y)}  dK^dKy 

(8a) 

=  I  f( k*,  ky )  •  exp{2ra( kxx/L*+kyy/Ly)}  dkx  dky 

(8b) 

where  Z]KX=  1  /  L*  and  ZKy  =  1  /  Ly  ,  L*and  Ly 
are  the  fundamental  wave  lengths  in  the  direction  of  x 
and  y,  respectively ,  kx  and  ky  mean  the  wave  numbers 
( k*  =  0,  ±1,—  ,±1^,  ky  =  0,±l,”-,±kyIMX).  Note 
should  be  taken  the  difference  in  the  meanings  of 
upper  case  letters  ( K*,  Ky)  and  the  lower  case  letters 

(kx,ky). 

Inverse  Solution  by  Double  Fourier  Method  : 

Eq.  (8b)  is  rewritten  by  a  matrix  from  as ; 


where  A^.  is  the  matrix  composed  of 
exp{2jci(kxx/Lt+kyy/Liy)}  dk*  dky . 

Insertion  of  Eq.(9)  into  Eq.(6)  yields  Eq.(10) 

A  f  =  R  (10) 

where  A  and  f  are  complex  valued,  the  elements  of 
matrix  A  are  represented  as  follows , 

A(kx,ky)  =  J  exp(27iikix/Lx) 
o 

•  exp(2Tcky(yll+xtan9)Ly)dx/cos0  (11) 

=  exp(27dkyyli)  {exp(27n(kx+kytan0)x2i)— 1} 
^jciO^+kytanO)  (kx+kytan9  *0)  (12a) 

=  X2j-  exp(27tikyyli)  (k^+kytanS  =0)  (12b) 

and  R  is  the  matrix  yielded  by  substitution  of  Eq.(8) 
into  Eq.(6). 

If  the  following  condition  is  satisfied  between 
the  numbers  of  given  information  and  unknowns, 

(2k^+l)x(21W+l)<IlmaxxI2max  (13) 

the  solution  of  the  inverse  problem  could  be  obtained 
by  the  least-squares  method. 

Inverse  operation  of  Eq.(10)  gives  the  optimal 
solution  of  Eq.(10)  as 

f  =  [ATAr'[ATR]  (14) 

Failue  of  Double  Fourier  Series  Method : 

When  the  inversion  estimation  of  a  concent¬ 
ration  field  was  performed  with  regard  to  a  simulated 
concentration  data,  that  is  the  values  of  elements  of 
decayed  laser  intensity  were  computed  by  Eq.(6)  for  a 
given  concentration  field,  and  the  Fourier  coefficients 
were  determine  by  Eq.(14),  the  inversely  estimated 
concentration  field  coincided  exactly  with  the  given  one. 
However,  a  small  error  introduced  artificially  or 
incidentally  in  the  measurement  matrix  R  gave  rise  to 
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a  singular  matrix  AT  R  to  fail  solving  the  inverse 
problem  of  Eqs.(9)  and  (10). 

Matrices  A  and  R,  and  coefficient  vector  f  are 
separated  into  real  and  imaginary  parts, 


A 

=  (4,i4) 

(15) 

f 

=  (£.  +  efr)+i(f;  +  e£) 

(16) 

R 

=  (Rr+ERr)+i(Ri  +  eRi) 

(17) 

Eq.(10)  is  rewritten  as, 

[4,- 

-4] 

—  [Rj  +  8r,] 

(18) 

^+£Ri 

(4, 

41 

£  +  efr 

=  [eRi] 

(19) 

$+SRi 

Since  the  right-hand  side  of  Eq.(19)  cannot  be 
measured,  large  error  will  be  brought  about  if  we  solve 
the  equation  by  putting  em  =  0. 

Detailed  theoretical  discussion  and  further 
means  have  been  described  in  Hino  (  1998  ).  An 
advanced  method  which  does  not  use  the  imaginary 
part  of  R,  i.  e.  Eq.  (19)  was  considered  and  tried. 
However,  the  results  were  not  favorable. 

4.  INVERSE  ESTIMATION  by  THE  ‘  VIRTUAL  - 
LOAD’ METHOD 

Idea  of  ‘  Virtual-  Load  ’  Method  : 

The  ‘  Virtual-Load  ’  method  is  a  kind  of  2-D 
interpolation  technique  proposed  more  than  20  years 
ago  by  the  first  writer  ( Hino,  1975 ).  A  2-dimensional 
field  C(x,y)  is  assumed  to  correspond  to  the  deflection 
of  an  elastic  (square)  plate  supported  freely  on  four 
edges  covering  a  wider  region  than  the  2-D  field 
considered. 

Deflection  of  an  elastic  plate  at  point  (x,y)  by  a 
unit  load  acting  on  point  (  £,  q)  is  given  by  Green’s 
function  G(x,y;  l,  q), 

G(  x,y£,q  )  =  (  4/(7i4ab))ES  •  (sin(m7tx/a>  sin(nTcy/b) 

•  sin(mxJ;/a)  •  sm(nxq/b))  /  (  nr/a^nVb2) 

(20) 


Since  the  effect  of  loads  is  additive,  the  total  deflection 
C(x,y)  by  ‘  virtual-loads  ’  wp<p=l,. . .  .p^J  is  expressed  as 


C(x,y)  =  IG(x,y;  Sp,ilp)wp  (2 1) 

Substitution  of  Eq.(21)  into  Eq.(6)  yields  the  following 
relation,  Eq.(22), 

Rn = I  GG  ( II,  p )  wp  (22) 

,  or  in  matrix  form  as 

[GG]  [w]  =  [R]  (23) 

where  vector  w  is 

w  =  [  w1(  w2,  •  •  • ,  wpmax]T  (24) 


and  matrix  element  GG(II,p)  is  given  by 
GG(  II,  p )  =J  G(  x,  yx+  xtanB  ;  lp,  q^dx/cosO  (25) 


where 

n 

-fll-l)’  Ianax  + 

and 

Ii 

=  19  ...  T 

i  Almax 

I2 

“  ***  »  l2max 

•^max 

II 

If  >  pmai  ,  applying  the  inverse  matrix  [GG]T  on 
both  sides,  we  obtain  Eq.(27) 

[GG]T  [GG]  •  [W]  =  [GGf  [R]  (27) 

As  may  be  seen,  the  ‘  virtual  load  ’  method  solves  for 
the  virtual  loads  wp(p=l,2,...,  p^  instead  of 
coefficients  fiJC^Ky)  in  the  Fourier  expansion  method. 

After  inversely  solving  the  virtual  loads  wp,  from 
Eq.  (27)  the  concentration  field  is  reconstructed  by 
Eq.(2l),  that  is, 

C  =  Gc  •  w  (28) 


26.3.4 


5.  EXPERIMENTAL  RESULTS 


Given  Function 


C/Cmax 


Estimastior 


C/  Cmax 


cerr=(Cest-Cgvn)/Cl 


Fig.4  :  Tfest  of  the  reliability  of  the  inverse 
estimation  by  *  virtual-load  ’  method  for  a  multi-peak 
concent-ration  distribution  expressed  by  Eq.(30). 
Given-(upper),  estimated-(middle)  concentration 
distribution  and  estimation  error(  lower ). 


Numerical  Experiments  by  Simulated  Data : 

Distribution  of  concentration  field  by  a  colored 
jet  is  simulated  numerical  by  Eq.(29)  or  Eq.(30) 

C  (  x,  y,  z )  =  Ch^.  (  z  )  (  1+  a  sin(  2  n  m  0  ) 

•  exp(— ( x2+y2)  /  r0(  0 ,  z ))  +  er  (29) 

C  (x,  y,  z)  =  C^Cz)  ( l+asin(2  7tm  0) 

•  exp(  -(x2+y2)/ro(0,z» 

•  cos(  x-Xo)  •  cos(  y-y0 )  +  er  (30) 

where  z  :  distance  along  a  jet  axis ,  x  and  y :  coordinate 
in  a  plane  perpendicular  to  the  jet  axis  ,  0  :  angle  to 
x-axis  in  the  (  x,  y )  plane ,  r0  :  representative  radius  of 
the  jet ,  £  r :  measurement  errors  which  are  given  by 
rounding  off  the  simulated  value  at  the  order  of  3  digit 
( for  instance ,  C  =  1.061-  ■  is  rounded  as  C  =  1. 1  which 
contains  an  error  £  r  =  0.04  which  amounts  to  5% 
error). 

Eq.  (29)  expresses  a  star  fish  shaped  distribution 
and  Eq.(30)  simulates  a  multi-peak  type  one. 

Figures  2(a),  (b)  and  (c)  show  a  simulated 
concentration  distribution  given  by  Eq.(29)  ,  the 
inverse  estimation  by  the  ‘  virtual-load  ’  method 
recomposed  from  Eq.(2 1) ,  i.  e.  Eq.(28)  and  the  absolute 
error  between  the  given  field  and  the  estimated  one  , 
respectively. 

Figs.  3  (a) ,  (b)  and  (c)  and  Figs.  4(a),  (b)  and  (c) 
also  illustrate  comparisons  between  the  exact  and  the 
simulated  more  complex  concentration  field  and  the 
error  distribution. 

As  a  whale ,  the  estimation  errors  by  the  ‘  virtual- 
load  ’  method  are  within  about  10~15%  for  the 
imposed  measurement  error  of  5%. 

Laboratory  Experiment  of  a  Jet  Concentration : 

An  experiment  as  shown  in  Fig.  5  was  performed. 
A  water  jet  of  kaolin  solution  of  concentration  SOOppm 
was  discharged  from  a  nozzle  of  10mm  diameter  into 
water  tank  at  a  velocity  of  50mm  /  s. 

From  one  edge,  11  laser  source  rays  were  shed 
and  they  were  received  at  the  opposite  side  by  11 
receiver,  the  area  of  scan  being  100mm  X  100mm. 


Co :  Initial  concentration  at  the  nozzle 
(500  ppm  Kaoline  solution  ) 


Injection  nozzle 


-  X  (or  Y) 

--  Lx  “ 


Lx  =  Ly  =  100  mm 
Emitting  points  XI,  m;  Y1.  m  (m=1 
Receiving  points  X2,  n;  Y2,  n  (n=1 
(M=N=1 1) 


d  :  Inner  diameter  of  the  nozzle 
(10  mm  *) 

—  Uo :  Initial  velocity  at  the  nozzle 
(50  mm/s) 

Uo :  Uniform  velocity  in  the  duct 

i 

1 4-  Measuring  section  (see  below) 


Receiving  point  X2,  n 


Fig.5 :  Experimental  apparatus. 


C  Contour  in  Z  direction  (Y=center) 


Q  0.9-1 
■  0.8-0.9 
:D0.7-0.8 
B0.6-0.7 
□  0.5-0.61 
;«0.4-0.5i 
n  0.3-0  4 

jci0.2-0.3i 
:«o.i-o.2j 
’□0-0.1  i 


Fig.6 :  Concentration  distribution  of  a  jet  of  kaoline  solution  on  the  axial  plane. 


C/CO  at  2/d  =  8.0 
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Fig.7:Concentration  distribution  on  planes 
perpendicular  to  the  axis. 


Fig.8  :Contour  line  representation  of  concentration 
distribution  on  planes  perpendicular  to  the  axis. 


The  laser  ray  scan  operation  was  made  at 
distances  of  z  /  d  =  8.0,  12.0  and  20.0  from  the  origin. 
The  estimated  concentrations  by  the  ‘  virtual-load  ’ 
method  at  the  three  sections  are  given  in  Pigs.  6  and  7. 
The  obtained  results  seem  to  be  reliable. 
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ABSTRACT 

A  petroleum-in-water  emulsion  is  heated  by  a  CW 
He-Ne  laser  beam  incident  in  the  liquid  free  surface. 
The  resulting  temperature  distribution  creates  a 
centripetal  thermo-convective  flow  which  drives  the 
petroleum  droplets  to  the  central  hot  point 
Coalescence  of  an  increasing  number  of  petroleum 
droplets  gives  rise  to  the  formation  of  a  homo¬ 
geneous  petroleum  bulk.  A  centrifugal  stress 
distribution  now  grows  up  in  the  central  bulk  as  a 
result  of  temperature  dependence  of  the  interfacial 
tension  of  the  petroleum-water  interface.  An 
equilibrium  state  between  centrifugal  and  centripetal 
forces  is  finally  attained  and  the  system  remains  at 
rest.  The  whole  sequence  is  visualized  by  observation 
of  the  light  beam  scattered  out  from  the  liquid 
volume.  A  theoretical  model  explains  the  main 
features  of  the  thennoconvective  flow. 


1.  INTRODUCTION 

Petroleum-in-water  emulsions  have  an  increasing 
technical  and  economical  importance.  Their  deve¬ 
lopment  allows  transportation  and  commercia¬ 
lization  of  highly  viscous  heavy  oils.  A  stable 
emulsion  formed  by  approximately  spherical 
petroleum  droplets  (diameter  about  10  microns) 
suspended  in  a  continuous  phase  of  water  is  obtained 
bv  mechanical  agitation  and  addition  of  surfactants. 
Pumping  and  stocking  of  a  stable  emulsion  of  this 
kind  is  easily  performed  using  engineering  means 
similar  to  those  used  to  process  pure  petroleum.  On 
the  contrary,  when  stability  of  the  emulsion  is 
destroyed  by  any  physical  reason  the  petroleum 
droplets  fuse  together  to  form  larger  droplets,  a 
process  known  as  coalescence.  This  finally  results  in 


the  formation  of  a  solid  mass  of  pure  petroleum 
which  plugs  the  pipelines  and  settles  down  forming  a 
highly  viscous  precipitate.  This  is  obviously  to  be 
prevented  by  any  means.  Though  surfactants 
generally  prevent  coalescence  of  neighbouring 
droplets,  introduction  of  increasing  amounts  of 
petroleum  per  unit  volume,  or  development  of  strong 
temperature  and  velocity  gradients  finally  provokes 
destabilization  of  the  emulsion.  Investigation  of 
physical  situations  which  destroy  emulsion  stability 
has  upmost  economical  importance. 

In  the  present  paper  we  study  the  effect  of 
thennoconvective  currents  which  provoke 
coalescence  of  the  Venezuelan  product  known  as 
Orimulsion.  This  fuel  is  a  mixture  of  70  percent 
petroleum  and  30  percent  water  plus  surfactants, 
which  results  in  a  stable  emulsion  of  petroleum  in 
water  at  usual  working  conditions.  In  our 
experiments,  a  thermal  gradient  is  induced  in  the 
emulsion  by  heating  with  a  CW  laser  beam.  The 
resulting  thennoconvective  phenomena  are  analyzed 
by  observation  of  the  backscattered  light  field.  Laser- 
induced  surface  phenomena  in  the  interface  between 
two  continuum  phases  of  petroleum  and  water  are 
studied  in  Section  (2)  of  the  present  paper.  Laser- 
irradiation  of  a  petroleum-in-water  emulsion  gives 
rise  to  a  sequence  of  events  whose  visualization  and 
interpretation  are  presented  in  Section  (3).  A 
theoretical  interpretation  of  phenomena  described  in 
Section  (3)  is  given  in  Section  (4).  Earlier 
application  of  optical  techniques  to  study  coalescence 
of  water-in-petroleum  emulsions  (i.e.  droplets  of 
water  suspended  in  petroleum,  which  is  the  inverse 
of  the  case  treated  in  the  present  paper)  is  reported  in 
refs.  [1,2]. 
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2.  LASER-INDUCED  DEFORMATION  OF  A 
PETROLEUM  /  WATER  INTERFACE 

The  behaviour  of  a  liquid  interface  healed  by  a 
fianccian  laser  beam  (figs.  1,2)  is  determined  by  the 
temperature  dependence  of  the  density  and  the 
interfacial  tension  [3-6]. 
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Fig.l:  Laser  heating  of  petroleum/water 
interface 


Fig.2:  Interferometric  records  of  the 

petrolenm/water  interface. 

Both  quantities  are  decreasing  functions  of 
temperature.  As  seen  in  fig.2  in  the  early  heating 
stage  the  interface  adopts  a  convex  bell-shaped 
profile,  which  is  due  to  density  decrease.  For  longer 
hating  times  the  interfacial  tension  decrease  results 
in  the  formation  of  a  pit  in  the  top  of  the  convex 
profile.  The  pit  depth  increases  and  finally  an 
equilibrium  shape  is  attained.  In  the  final  asymptotic 


stage  the  central  region  acts  as  an  aspherical 
concave  mirror  for  the  incoming  laser  beam.  Fig.  (3) 
shows  the  light  intensity  distribution  in  the  reflected 
lagpT  beam  observed  in  that  case.  Concentric  light 
intensity  maxima  and  minima  are  due  to  interference 
between  light  rays  coming  from  different  regions  of 
the  liquid  mirror  The  external  bright  ring  is  the 
geometric  caustic  of  reflected  light  rays.  A 
theoretical  interpretation  [3-6]  of  preceding 
experimental  results  is  given  in  what  follows. 


Fig.3:  Photograph  of  the  laser  beam  reflected 
from  the  petroleum/water  interface 


The  temperature  distribution  in  a  liquid  film  (initial 
temperature  jQ  )  heated  by  a  Gaussian  laser  beam  is: 


T  -T0  =Tc.f(fi  ,y) 

sup  /« 

’y)=J 


(la,b) 


where  /S  =  x/a  (“x”  and  “a”  are  defined  in 
fig.l),  y  =  t/tQ  ,  (t)  is  the  heating  time, 

_  a  2^4  K  is  the  thermal  time  constant, 

sup  =/3  2  and  inf  =j8  2/(l  +7).  The  thermal 
difiusivity  and  thermal  conductivity  are  (k  ,k) 
respectively.  The  initial  film  thickness  is  ( yo  )•  The 
power  absorbed  by  the  sample  per  unit  area  is 
q  (1 3  )  =  Q0  .  exp(— /3  characteristic 

temperature  of  the  liquid  is  7\  =o_  /  4 hr 


This  temperature  distribution  induces  in  turn  density 
and  interfacial  tension  distributions  p  (T), a  (T) 
which  in  a  first-order  approximation  are  given  by: 
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p(T)=p0  +pt(T  -T0)  (2a,b) 

cc  (T)  —a  0  +Q!  j,  (T  ~Tq  ) 


(.du  /dy  <  0 )  •  The  sense  of  the  vertical 

displacement  at  any  surface  point  is  thus  determined 
by  the  sign  of  the  partial  derivative: 


where p0,a0,pr,Q!:r  are  the  initial  values  (at 
temperature  Ta  )  of  p  ,01  and  their  partial  deriva¬ 
tives.  As  a  result  of  simultaneous  density  and 
interfacial  tension  variations  the  liquid  free  surface 
adopts  the  profile  given  by: 


d  u  _  du  d w 
dy  ~~  dw  8  y 


3-4  Cw 


1/4 


8  uw 


2  (£  ,7  ) 

d  y 


(6) 


y  = 


-^2 


3 

+  (a  —a 
Pg 


(3) 


where  (g)  is  the  acceleration  of  gravity.  Substitution 
of  eqs.(l  and  2)  into  eq.(3)  yields: 


u  — —  = 


y0 


fr  -f4  l^2 

I  1  3Af(J3,y) 

+1  +-^03 ,7)  J 

t  1/2 


=  [rv  3/'4  -  C  (w  -  1)] 


(4a,b) 


with  the  definitions: 


A  straightforward  calculation  shows  that  the 
condition  for  the  displacement  to  be  directed  upward 
is  f  (  0  ,  y  )  <  fc  ,  where: 

fe  =[(4C/  3)4  -l]ID  (7) 

This  conclusion  allows  us  to  classify  the  possible 
time-evolution  of  the  surface  profile,  depending  on 
the  value  of  the  parameter  (  C  )  : 

a)  If  C  >  3/4  we  have  fc  <  0  •  Since 
/( jS  ,7)  is  always  positive,  the  condition 
f  y  y  <  /  can  never  be  fulfilled.  All  the 

surface  points  travel  downward  at  any  instant  of 
time. 


w  — 


1 


1+Df(^  ,7) 


,x>=- 


.a  y 

PoSYo 


r  -M- 
2  ~  D  ~ 


■  c  -Pf 

Po 
3a  rr 


gy02PT 


(5) 


Eqs.(4a,b)  give  the  surface  profile  y{x)  with  time 
(r )  as  a  parameter.  The  relative  importance  of 
density  and  interfacial  tension  variations  is  taken 
into  account  by  the  dimensionless  quantities 
(A,D,C)-  It  is  noted  that  (A,D)  are  usually 
negative  quantities.  In  the  particular  case  A=0  only 
dilatation  (due  to  density  variation)  exists,  and  the 
surface  adopts  a  convex  bell-shaped  profile.  In  the 
case  D=0  there  is  no  dilatation  but  only  a  surface 
contraction  due  to  interfacial  tension  variation. 
Therefore,  in  the  general  case 
(  A  0 ,  D  5^  0  )  there  exists  a  competition 
between  both  effects.  Dilatation  tends  to  lift  the 
surface  points  (which  implies  d  u /dy  >0) 
while  contraction  tends  to  push  them  down 


b)IfC  <3/4  we  have  fc  >0  This  case  is 

recorded  in  fig.(2)  at  different  instants  of  time.  In 
the  first  stage  following  t  =  0  the  condition 
f  (0  »y  )  <  fc  is  by  all  the  surface 

points.  Dilatation  is  the  predominant  phenomenon.. 
At  a  certain  instant  of  time  (f  =  t  c  )  the  function 
/  (0. ,  ■ y  )  attains  the  value  (/c ).  For  any  instant  of 
time  t  >tc  the  function  f  ,y  )  intersects  the 
horizontal  line  with  ordinate  f  at  two  points 

v 

placed  symmetrically  with  respect  to  the  vertical 
axis.  In  the  central  region  between  these 
intersectrion  points  the  interfacial  tension  gradient  is 
great  enough  to  overcome  the  initial  dilatation.  In 
this  central  rewgion  the  vertical  displacrement  of  the 
surface  points  is  directed  downward,  while  the 
external  region  is  still  in  the  dilatation  stage.  The 
competition  between  dilatation  and  contraction 
observed  in  fig. (3)  proves  that  c  <3/4  for  the 
petroleum  samples  used  in  our  experiments. 
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3.  VELOCITY  DISTRIBUTION  IN  THE 
THERMOCAPILLARY  LIQUID  FLOW 


As  shown  in  ref.(4)  the  horizontal  component  of  the 
velocity  vector  is: 


y0aT  dT 
2  an  dfi 


dT  J2.TC 
dp  j3 


jexp(-0  2)  -exp(— j~-)J 


(8a,b) 


where  (T)  is  the  temperature  at  the  liquid  surface  and 
(H)  is  the  normalized  depth  of  the  considered  point 
in  the  liquid  (H  =  y  /y  0  )•  Note  ^  355  shown 
in  fig.  4  the  liquid  flow  is  centrifugal  down  to  a 
certain  depth  below  the  liquid  free  surface,  while  for 
larger  depth  it  is  centripetal.  Therefore,  a  continuous 
circulation  of  liquid  is  established  as  a  result  of  the 
temperature  gradient  imposed  by  the  laser  beam  and 
to  the  temperature  dependence  of  interfacial  tension. 
Fig.(5)  shows  an  experimental  record  of  the  reflected 
light  beam,  where  images  of  bubbles  travelling  with 
the  fluid  allows  experimental  verification  [6]  of  the 
theoretical  velocity  distribution  (eq.8a,b). 


Fig.5:  Images  of  bubbles  which  serve  as  tracers  of 
the  velocity  distribution  in  the  laser-induced 
thermoconvective  flow. 

4  .LASER-INDUCED  CONVECTIVE  PHENO¬ 
MENA  IN  EMULSIONS  OF  PETROLEUM  IN 
WATER 

4. 1  Experimental  Results 

The  behaviour  of  a  laser-heated  emulsion  of 
petroleum  (70%)  in  water  (30%)  studied  in  the 
present  Section  was  first  reported  in  ref.[7].  The 
water  phase  is  continuous,  while  the  petroleum  phase 
is  formed  by  spherical  droplets  with  diameter  about 
10  microns.  The  experimental  setup  is  shown  in 
fig.6. 


LASER 

Thermoconvective  flow 


Fig.4:  Sketch  of  the  velocity  distribution  in  the  Fig.6:  Laser  heating  of  petroleum-in-water 

petroleum  bulk  of  fig.l.  emulsion 
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Fig-7:  Photographic  time- sequence  of  the  light 
intensity  distribution  in  the  laser  beam  reflected 
from  the  petroleum-in-water  emulsion 

The  light-intensity  distribution  in  the  reflected  light 
beam  is  shown  in  fig. 7  at  different  heating  times. 
Time  increases  from  up  to  down  and  then  from  left 
to  right.  The  bright  spot  appearing  in  the  early 
heating  stage  (first  column  in  the  photographic 
sequence)  corresponds  to  direct  reflection  of  the  laser 
beam  at  the  water  surface  covering  the  emulsion. 
The  intensity  of  light  reflected  by  the  underlying 
petroleum  droplets  is  still  very  low.  Light  is  absorbed 
by  the  petroleum  droplets,  thus  increasing  their 
temperature  which  turns  progressively  higher  than 
the  temperature  of  the  surrounding  water  matrix. 


Heat  is  then  transmitted  by  conduction  from  the 
petroleum  droplets  to  surrounding  water  and  the 
water  temperature  increases.  The  resulting  water 
temperature  is  higher  at  the  central  region  (where 
the  laser  power  per  unit  area  is  a  maximum)  than  at 
the  periphery.  Consequently  a  centripetal  thermo- 
convective  water  flow  grows  up,  driving  the 
petroleum  droplets  from  the  cold  external  region  up 
to  the  hot  central  region.  The  concentration  of 
petroleum  droplets  thus  increases  around  the  central 
hot  point,  which  increases  in  turn  the  heat  absorption 
at  this  region.  An  avalanche  effect  takes  place.  A 
theoretical  model  describing  this  sequence  of  events 
is  presented  in  Section  (4).  The  amount  of  laser  light 
scattered  from  droplets  in  the  central  region  rapidly 
increases  too.  At  a  certain  instant  of  time  (second 
column  in  the  photographic  sequence)  a  speckle 
pattern  suddenly  appears  around  the  central  bright 
spot  The  light  speckles  travel  toward  the  central  hot 
point  Each  individual  speckle  exists  only  during  a 
certain  lifetime,  thus  drawing  a  radial  dash  in  the 
visual  field.  This  phenomenon  is  known  as  “boiling” 
in  Speckle  Metrology  [8],  It  is  due  to  illumination  of 
the  radially  travelling  petroleum  droplets  with  a 
coherent  light  beam.  An  enlarged  photograph  of  the 
speckle  pattern  is  shown  in  fig.8. 


Fig.8:  Photograph  of  the  speckle  pattern  due  to 
scattering  of  the  laser  beam  by  the  petroleum 
particles  suspended  in  the  water  matrix. 


We  remind  that  in  this  early  stage  the  force  field 
driving  the  petroleum  droplets  is  centripetal,  and 
that  the  droplets  are  still  neatly  separated  from  each 
other.  However,  accelerated  confluence  of  droplets 
towards  the  central  point  produces  collisions, 
coalescence,  and  formation  of  larger  droplets.  This  is 
matte  evident  in  the  following  stage  by  the 
appearance  of  increasingly  larger  bright  spots  in  the 
central  region.  These  light  spots  are  just  the 
geometrical  images  of  increasingly  larger  droplets. 
Simultaneously,  a  bright  ring  appears  around  the 
central  region.  The  bright  spots  within  it  move  in  the 
centrifugal  sense,  contrary  to  the  centripetal  sense  of 
movement  of  the  surrounding  speckle  field.  These 
optical  phenomena  announce  coalescence  of  the 
emulsion  and  formation  of  a  more  and  more  definite 
conglomerate  of  pure  petroleum,  resulting  from 
coalescence  of  an  increasing  number  of  petroleum 
droplets.  In  this  central  bulk  formed  only  by- 
petroleum  the  centrifugal  gradient  of  the  interfacial 
tension  studied  in  Section  (2)  provokes  the  formation 
of  a  cavity,  which  gives  rise  in  turn  to  appearance  of 
bright  rings  in  the  reflected  light  beam.  An 
interference  ring  system  progressively  grows  up 
within  the  bright  ring  while  the  diameter  of  the 
external  speckle  pattern  diminishes.  Now  the  bright 
spots  in  the  central  region  clearly  travel  in  the  radial 
direction  outward  from  the  center.  Finally  the 
external  speckle  pattern  disappears  and  only  the 
classical  interference  pattern  corresponding  to  a 
homogeneous  petroleum  sample  (fig.  3  and  last 
column  in  fig.7)  remains. _ _ _ 


Fig.9:  Bright  ring  reflected  from  the  laser-heated 
emulsion,  when  the  centripetal  thermoconvective 
flow  provokes  coalescence  of  petroleum  droplets. 


4.2  Theoretical  Analysis 

Thermoconvective  phenomena  leading  to 
coalescence  of  petroleum  droplets  in  the  central 
region  are  explained  by  means  of  the  following 
theoretical  model  [7].  The  present  analysis  is  limited 
to  a  one-dimensional  flow  along  an  axis  (Ox),  which 
corresponds  to  a  radial  flow  line  in  the  true 
axisymmetrical  experiment  The  origin  (O)  coincides 
with  the  intersection  of  the  laser  beam  axis  with  the 
liquid  surface.  LsXp(x,t\v{x,t),T{x,t )  be  the 
density,  velocity  and  temperature  of  petroleum 
droplets  respectively.  The  density  p(x,t)  is  defined 
as  petroleum  mass  per  unit  volume  of  the  emulsion. 
These  quantities  are  coupled  through  the  follow 
system  of  differential  equations: 

dp  _~d  (pv) 
dt  dx 

“  =a.p.exp[-(x/a)2] 
ot 

n  dT 

(9a-c) 

Eq.(9a)  is  just  the  continuity  equation.  Eq.(9b)  states 
that  the  local  temperature  increase  per  unit  time  is 
proportional  to  the  local  density  of  petroleum 
droplets  (which  are  the  main  heat-absorbers)  and  to 
the  local  power  of  the  laser  beam,  given  by  the 
exponential  term.  The  radius  of  the  laser  beam  is 
(a).  In  eq.(9c)  the  velocity  of  the  droplets  is  assumed 
to  be  proportional  to  the  local  temperature  gradient, 
which  takes  into  account  the  thermoconvective 
effect.  The  parameters  (a  ,/S  )  are  positive  constant 
qnantirifts  which  resume  the  thermal  and  mechanical 
properties  of  the  emulsion.  Therefore,  a  global 
phenomenological  characterization  of  underlying 
microscopic  interactions  is  made.  Due  to  the  explicit 
expression  of  the  time  partial  derivatives  of  density 
and  temperature  (eqs.9a,b)  the  above  system  is 
readily  discreticized  in  time.  Assuming  uniform 
distributions  for  the  density  and  temperature  and  null 
velocity  at  (t  =0),  the  corresponding  values  of  these 
quantities  at  successive  instants  of  time  (t  =/  .At, 
where  i=l,2,3,...and  At  is  a  time  interval)  are 
calculated  Fig.(10)  shows  the  density  distribution  at 
different  instants  of  time  (i=4,5,6,7)  corresponding 
to  a  particular  choice  of  parameters 
(a  =0  =3,Af  =0.05).  The  calculated  density  of 
petroleum  droplets  clearly  increases  around  the 
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origin  (x=0)  for  increasing  heating  time,  thus  giving 
rise  to  coalescence. 


Fig.10:  Each  graph  represents  concentration  of 
petroleum  particles  as  a  function  of  distance  to 
central  hot  point  at  arbitrary  scales  and 
increasing  heating  time  (t  =i  .At ) 


5.  CONCLUSIONS  AND  ADDITIONAL 
REMARKS 

Preceding  results  show  that  introduction  of  a  strong 
enough  axisymmetric  temperature  gradient  with  a 
maximum  at  the  center  provokes  coalescence  of  a 
petroleum-in-water  emulsion.  A  single  laser  beam  is 
used  to  produce  the  temperature  gradient  and  to 
provide  a  vivid  visualization  of  resulting  hydro- 
dynamic  phenomena.  It  is  thus  seen  that  in  the  early 
heating  stage  the  petroleum  droplets  are  driven 
toward  the  central  hot  point  by  the  centripetal 
thermoconvective  water  flow.  The  increasing  amount 
of  droplets  approaching  the  central  region  results  in 
the  formation  of  a  homogeneous  petroleum  bulk, 
where  thermocapillary  phenomena  are  predominant. 
This  experiment  was  performed  at  different  heating 
rates.  In  this  aim;  the  linearly  polarized  laser  beam 
(25mW)  passes  through  a  rotating  polarizer.  When 
the  power  of  the  laser  beam  incident  in  the  liquid 
surface  is  lower  than  20  mW  (the  diameter  of  the 
Gaussian  laser  beam  being  about  2mm  at  the 
inflection  point  of  the  power  distribution)  optical 
phenomena  shown  in  fig.  (7)  (centripetal  rush  of 
light  speckles)  do  not  take  place  any  more.  We 
conclude  that  there  exists  an  abrupt  threshold  of  the 
temperature  gradient  necessary  for  initiation  of  the 
centripetal  thermoconvective  phenomenon  and 
resulting  emulsion  coalescence.  Determination  of 
this  critical  temperature  gradient  at  different 
concentrations  of  petroleum  per  unit  volume  of  the 
emulsion  requires  deeper  knowledge  of  the  emulsion 
thermal  properties,  which  is  a  subject  of  current 
research. 

The  optical  procedure  described  above  is  therefore  an 
useful  experimental  tool  for  real-time  monitoring  of 
laser-induced  coalescence  of  petroleum-in-water 
emulsions.  The  theoretical  model  presented  in 
Section  (4)  yields  a  description  of  the 
thermoconvective  flow  in  terms  of  macroscopic  (thus 
measurable)  variables,  in  spite  of  complexity  of 
interactions  occurrying  at  the  microscopic  level. 
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ABSTRACT 

Infrared  (IR)  broadband  spectroscopy  in  shock- 
tube  studies  has  been  limited  to  short  duration  of  the 
working  process  of  the  unit.  In  this  case,  it  is  difficult 
to  use  a  frequency  scanning  of  the  radiation,  and  the 
use  of  broadband  noncoherent  sources  such  as  globars 
leads  to  a  low  sensitivity  of  such  systems.  After  the 
emergence  of  diodes  lasers  the  problems  of  irradiators 
for  the  frequency  scanning  were  solved,  but  a  wide 
proliferation  of  such  systems  is  hindered  owing  to  a 
complexity  of  their  operation  and  an  instability  of 
characteristics.  In  addition,  dio,de  lasers  are 
characterized  by  a  rather  narrow  (1  cm'1)  range  of 
tuning  and  a  long  scanning  period  (from  30  to  100  ps, 
on  the  scale  of  shock-tube  test  time). 

In  IR  spectroscopy  problems  are  posed  by 
detectors  and  recording  devices.  In  view  of  these 
concerns  the  possibility  of  non-linear  optical 
conversion  of  IR  radiation  into  visible  radiation  (up- 
conversion)  has  been  examined.  As  long  as  the 
information  on  the  IR  radiation  is  preserved  after  the 
conversion,  such  an  approach  permits  visualization  of 
the  IR  image  or  absorption  spectrum  and  detection  of 
short  IR  radiation  pulses.  A  proper  device  (a  non¬ 
linear  spectrograph)  should  include  a  source  of  IR 
radiation,  a  radiation  frequency  conversion  element 
(up-converter),  a  spectral  dispersion  block,  and  visible 
range  recording  camera. 

The  nonlinear  IR  spectrograph  (Britan  et  al 
(1995))  has  been  used  in  the  present  work  for 
registering  the  absorption  spectra  of  methane  within 
the  zone  of  the  Q  branch  of  the  v3  band  behind  the 
shock  waves  and  under  normal  conditions.  The 
corresponding  spectra  were  calculated  (Britan  el  al 
(1996))  on  the  basis  of  the  data  of  the  absorption 
molecular  lines  H1TRAN92  (Rothman  et  al  (1992)). 


Fig.  1.  Schematic  diagram  of  the  nonlinear  !R  laser 
spectrograph:  (SHG)  second-harmonic  generator;  (DL)  dye 
laser;  (1RG)  infrared  generating  crystal;  (M)  medium 
studied;  (C)  up-converter;  (PC)  polychromator;  (DRS) 
detection  and  record  system. 


Fig.  2.  Intensity  of  the  output  IR  radiation  versus  the 
wave-number  for  a  dye  laser  with  a  small  generation 
linewidth. 
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PRINCIPLES  OF  OPERATION  OF  A  NONLINEAR 
SPECTROGRAPH 

Figure  1  shows  a  schematic  diagram  of  the 
nonlinear  IR  spectrograph.  The  system  operation  is 
based  on  the  principle  of  sequential  transformation  of 
a  part  of  laser  radiation  in  nonlinear  optical  ctystals, 
which  are  used  for  obtaining  a  broadband  IR  emission 
and  for  detection  of  the  IR  spectrum. 

The  broadband  IR  emission  (with  the 
frequencies  (Dir)  is  obtained  in  the  process  of 
difference-frequency  generation  on  mixing  the 
pamping  radiations,  represented  by  the  second 
garmonic  (A  =  532  nm,  frequency  co,)  of  a  YAG:Nd 
master  laser  (coj/2)  and  a  dye  laser  (co2),  in  a  nonlinear 
optical  crystal.  In  order  to  provide  efficient 
conversion,  the  width  of  the  spectrum  generated  by 
the  dye  laser  must  be  close  to  the  bandwidth  of  the 
phase  matching  region  of  the  crystal.  The  frequency 
variation  of  the  IR  emission  performed  by  tuning  the 
dye  laser  and  changing  the  phase  matching  direction 
in  the  crystal. 

The  up-conversion  of  the  IR  radiation  is 
perfomed  by  using  nonlinear  optical  crystals  for 
obtaining  difference  or  sum  frequencies: 

©VIZ  =  ®!  +  tOjR, 

where  ©viz  is  the  frequency  of  the  converted 
(visible)  spectrum.  The  up-converted  radiation, 
expanded  into  spectrum  with  the  aid  of  a 
polychromator,  is  detected  by  a  optical  (visible-range) 
multichannel  analyzer  or  recorded  on  photographic 
film. 

The  task  of  obtaining  a  high  spectral  resolution 
poses  certain  requirements  on  the  bandwidth  of  the 
master  laser,  because  the  IR  frequencies  are  converted 
into  those  of  the  visible  range  on  adding  or  subtracting 
the  frequency  of  pumping  radiation.  Moveover,  we 
must  olso  ensure  a  sufficiently  high  intensity  of  the 
master  radiation  in  order  to  provide  a  multiple 
frequency  conversion  and  reliable  detection  of  the 
spectrum,  which  requires  using  an  amplifier. 
Radiation  of  a  double  frequency  (A  =  532  nm)  is  used 
for  the  pumping  of  a  dye  laser  and  as  one  of  the 
interacting  waves  for  the  generation  of  frequency 
difference  and  summation  frequencies.  Let  us 
consider  operation  of  the  particular  elements  of  the 
spectrograph. 


CRYSTALS  FOR  NONLINEAR  OPTICAL 
FREQUENCY  CONVERSION 

Among  the  currently  available  nonlinear 
optical  materials,  promising  properties  are  offered  by 
a  potassium  titanyl  phosphate  (KTP)  crystal  that  is 
known  as  one  of  the  most  efficient  frequency 
doubler  for  YAG:Nd  lasers.  The  transparency  range 
of  the  KTP  crystals  extends  from  0.35  to  4.5  pm. 
The  angular  tuning  characteristics  of  KTP  in  the  0.4 
-  4.0  pm  wavelength  range  were  studied  by  Dyakov 
et  al  (1988),  but  we  have  studied  the  possibility  of 
using  KTP  crystals  in  the  following  nonlinear  optical 
conversion  processes: 

(i)  Obtaining  a  broadband  IR  emission  in  the 
course  of  difference  frequency  generation  on  mixing 
a  second  harmonic  radiation  of  a  YAG:Nd  laser  and 
a  dye  laser  -  a  collinear  interaction  in  the  XZ  plane 
representing  a  frequency  difference  process  o(532 
nm)+e(DL)  — »  o(IR)  process. 

(ii)  Up-conversion  of  the  broadband  IR 
radiation  by  difference  (or  sum)  harmonic  generation 
on  mixing  the  IR  radiation  with  a  second  harmonic 
of  the  YAG:Nd  laser  -  a  collinear  interaction  in  the 
XZ  plane  representing  a  frequency  difference  process 
o(532  nm)  +  o(IR)  — »  e  or  a  frequency  summation 
process  o(IR)  +  e(532  nm)  — >  o. 

We  must  take  into  account  that  the  spectral 
width  of  the  region  of  phase  matching  is  inversely 
proportional  to  the  crystal  thickness  d,  while  the 
intensity  of  converted  radiation  in  the  plane  wave 
approximation  is  proportional  to  S.  Therefore,  the 
choice  of  the  thickness  of  a  crystal  providing  a 
required  width  of  the  region  of  phase  matching  for 
broadband  IR  generation  is  limited  by  the  necessity 
to  obtain  a  sufficiently  high  intensity  at  the 
spectrograph  output,  so  as  to  match  the  sensitivity  of 
the  existing  detector  systems. 

The  spectral  width  of  the  region  of  phase 
matching  calculated  in  the  plane  wave 
approximation  for  a  crystal  with  d  =  3.5  mm  and  an 
IR  wavelength  of  3  pm  amounts  to  about  11  cm"1. 
Figure  2  shows  the  intensity  of  the  output  IR 
radiation  Im  at  A  =  3  pm  as  a  function  of  the 
wavenumber  v  measured  in  a  crystal  mixing  a 
second  harmonic  of  the  YAG:Nd  laser  and  the 
radiation  of  a  tunable  dye  laser  with  a  narrow 
generation  linewidth  (0.1  cm'1).  The  width  of  the 
region  of  phase  matching  was  about  23  cm"1.  One  the 
reasons  for  the  discrepancy  between  the  calculated 
and  measured  values  is  the  plane  wave 
approximation  used  for  the  calculation. 

Taking  into  account  that  the  angles  of  phase 
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Fig.  3.  General  schematic  diagram  of  the  nonlinear  laser  IR 
spectrograph  showing  (a)  transmitting  and  (b)  receiving 
parts:  ( 1 )  dye  laser;  (2  27,28 )  lenses;  (3)  cell;  (4.5) 
semitransparent  and  nontransparent  mirrors;  (<5)  equilateral 
prism;  (7)  polychromator;  (8)  grating;  (9)  lens  element  of 
the  autocollimator;  ( 10,33,36)  prisms;  (11)  optical 
multichannel  analyzer;  (12)  YAG:Nd  laser;  (13)  active 
element;  (14)  concave  non-transparent  mirror;  (15)  LiF 
crystal;  (16)  interference  reflector  (stack);  (17)  glass  plate; 
(18)  enhancer;  (19.26)  telescopes;  (20)  KTP  crystals;  (21) 
crystal  quartz  plates;  (22,23)  dividing  mirrors;  (24,  25)  KTP 
crystals;  (29,30)  dichroic  mirrors;  (31,  32,  34)  optical  filters; 
(35)  shield;  (37)  photodiode;  (38)  cell  with  methane. 


Fig.4.  Spectral  distribution  of  the  dye  laser  radiation. 


matching  are  vertually  equal  for  all  the  processes 
under  consideration,  we  may  use  identical  crystals 
both  for  the  generation  of  IR  emission  and  for  the 
up-conversion. 


BROADBAND  DYE  LASER 

A  tunable  broadband  emission  in  the  visible 
range  for  conversion  info  the  IR  spectral  rangb  was 
generated  by  a  dye  laser  I  (Figure  3).  The  pumping 
(using  second-harmonic  emission  from  a  YAG:Nd 
laser  focused  by  lens  2)  was  performed  within  a 
quasi-coliinear  scheme  offering  certain  advantages 
as  compared  to  the  conventional  system  with 
transverse  pumping.  The  output  radiation  has 
homogeneous  radial  structure  and  exhibits  a 
divergence  close  to  that  of  the  diffraction  type, 
which  affects  the  efficiency  of  the  subsequent 
nonlinear  optical  conversion.  Cell  3  with  a  cyclic  dye 
pumping,  having  a  5  mm  thick  active  part,  was 
oriented  at  the  Brewster  angle  relative  to  the  axis  of 
the  resonator  formed  by  semitransparent  (4)  and 
nontransparent  (5)  dielectric  mirrors.  The  output 
wavelength  tuning  was  performed  by  rotating  the 
nontrasparent  mirror. 

We  tested  selective  resonators  of  various  types 
in  order  to  provide  generation  of  a  sufficiently 
broaband  spectrum.  Using  a  dispersion  element 
comprising  three  equilateral  prisms  6  (Figure  3), 
made  of  a  TF-3  glass  and  mounted  in  the  minimum 
deflection  position,  allowed  us  to  obtain  the  IR 
emission  within  a  banhwidth  approaching  the 
spectral  width  of  the  phase  matching  of  the  crystal. 
The  IR  emission  in  the  wavelength  range  of  about 
2.7  pm  was  obtained  with  a  DCM  dye,  and  emission 
with  X  =  3-4  pm  was  obtained  using  phenaiemin-430 
and  6-aminophenalenone  dyes.  The  energy  of  the 
emitted  pulse  for  the  DCM  dye  was  about  2  mJ. 

The  spectra  of  output  radiations  of  the 
nonlinear  IR  spectrograph  and  dye  laser  were 
obtained  with  the  aid  of  polychromator  7  (Figure  3b) 
based  on  the  autocollimation  scheme  comprising  a 
diffraction  grating  8  with  2400  lines/mm,  first  order 
of  the  diffraction  spectrum.  The  radiation  expanded 
into  spectrum  was  either  detected  on  a  photographhic 
film  or  entered  an  optical  multichannel  analyzer  11. 
The  densitograms  of  the  films  were  measured  with 
an  IFO-451  microphotometer.  Figure  4  shows  a 
spectrum  of  the  the  emission  intensity  of  the  dye 
laser. 
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The  spectral  resolution  of  the  polychromator 
was  evaluated  by  measuring  the  transmission  spectra 
of  the  dye  laser  emission  in  the  Fabry-Perot  etalons 
and  was  found  to  be  0.6  cm'1.  The  minimum 
wavenumber  interval  resolved  by  the  diffraction 
grating  (Demtroder  (1982))  0.08  cm'1  was  (for  X  = 
600  nm).  The  Fabry-Perot  etalons  were  also  used  for 
calibration  of  the  frequency  scale  of  the  spectra. 


OPTICAL  SCHEME  AND  CHARACTERISTICS  OF 
A  NONLINEAR  IR  SPECTROGRAPH 

The  optical  scheme  of  a  nonlinear  IR 
spectrograph  is  depicted  in  Figure  3.  The  YAG:Nd 
master  laser  12  has  an  active  element  13  with  a 
diameter  of  3  mm  and  a  length  of  65  mm  mounted  in 
a  resonator  with  nontransparent  mirror  14  (curvature 
radius,  5  m)  compensating  the  effect  of  the  thermal 
lens  formed  in  the  active  element  in  the  course  of 
lasing.  The  resonator  has  a  length  of  92  cm.  This  ratio 
of  the  resonator  length  to  the  diameter  of  the  active 
element  eliminates  the  necessity  of  introducing  a 
diaphragm  separating  a  single  trasverse  mode  in  the 
resonator. 

The  active  element  is  pumped  by  a  xenon  lamp 
with  a  pulse  energy  of  about  20  J.  The  energy  stability 
of  the  laser  is  ensured  by  a  passive  Q-switching 

scheme  with  a  LiF  crystal  15  containing  F2~  color 
centers.  The  passive  Q-switching,  together  with  using 
an  interference  reflector  (stack)  16  as  the  output 
mirror,  provides  the  conditions  for  stable  lasing  in  a 
single  longitudinal  mode  (Kharchenko  and  Shuvalov 
(1988)).  The  duration  of  the  lasing  pulse  is  about  30 
ns  and  the  generation  linewidth  is  bellow  0.01  cm' , 
which  is  markedly  lower  as  compared  to  the 
polychromator  resolution. 

The  stack  used  in  the  reflector  is  composed  of 
three  5-mm-thick  glass  plates  in  optical  contact.  The 
central  plate  has  a  concentric  circular  hole.  Glasse 
plate  77,  mounted  in  the  resonator  and  oriented  at  the 
Brewster  angle,  provided  vertical  polarization  of  the 
output  radiation.  The  pulse  power  of  the  master  laser 
was  25  mJ  and  reached  1 80  mJ  after  passing  amplifier 
18  with  an  active  element  having  a  diameter  of  6  mm 
and  a  length  of  90  mm.  A  homogeneous  illumination 
of  the  active  element  in  the  amplifier  is  provided  by 
telescope  19  with  a  magnification  coefficient  of  3. 

The  second  harmonic  is  generated  in  a  KTP 
crystal  20  having  a  length  of  20  mm.  The  second 
harmonic  radiation  pulse  has  a  power  of  60  mJ. 
Rotation  of  the  radiation  polarization  vectors, 
ensuring  the  synchronous  intemation  of  waves  in  the 


nonlinear  crystals,  is  performed  by  quartz  crystal 
plates  21  cut  perpendicularly  to  the  optical  axis. 

On  exiting  from  the  second  harmonic 
generator,  the  radiation  was  divided  by  mirror  22 
into  beams  of  equal  intensity,  one  of  which  was  used 
for  pumping  dye  laser  1  and  the  other  was  employed 
as  one  of  the  interacting  waves  in  the  processes  of 
frequency  difference  and  sum  generation  in  the  KTP 
crystals.  The  beam  was  split  by  mirror  23  into  two 
parts  with  the  intensity  ratio  2:1,  entering  different 
crystals.  The  beam  of  greater  intensity  enters  crystal 
24  for  the  IR  emission  generation,  and  the  beam  of 
smaller  intensity  is  used  in  crystal  25  for  the  up- 
conversion. 

In  order  to  increase  the  radiant  power  density 
of  waves  interacting  in  the  crystals,  diameters  of  the 
pumping  radiation  beams  are  reduced  to  1/4  by 
telescopes  26,  while  the  dye  laser  radiation  and  the 
IR  emission  are  focused  by  lenses  27  and  28.  The 
beams  are  matched  within  the  crystals  with  the  aid  of 
dichroic  mirrors  29  and  30. 

The  noninteracted  part  of  radiation  in  the 
crystals  is  rejected  after  the  frequency  doubler  and 
the  IR  generator  by  filters  31  (SZS-21)  and  32  (IKS- 
7),  respectively.  Prism  33  mounted  at  the  output  of 
the  up-converter  serves  to  spatially  separate  the 
radiations  of  pumping  and  converted  beams.  It  was 
impossible  to  use  filters  of  the  KS  type  for  separating 
the  converted  radiation,  because  this  material  exibits 
a  strong  luminescence  on  exposure  to  pumping 
radiation.  The  noninteracted  IR  radiation  was 
separated  from  converted  radiation  by  filter  34  (KS- 
13),  and  the  noninteracted  pumping  component  was 
absorbed  by  shield  35.  The  beam  direction  was 
restored  by  prism  36. 

The  IR  pulse  energy  was  90  (iJ,  which  was 
reduced  to  4  pj  after  the  up-conversion.  Attaining 
the  phase  matching  of  the  interacting  waves  was 
determined  by  monitoring  the  amplitude  level  of  the 
signals  of  converted  radiation,  detected  by  PbS  and 
PbSe  photoresistors.  Because  the  resolution  of  a 
grating  with  a  fixed  number  of  lines  decreases  with 
an  increase  in  the  wavelength  of  the  incident 
radiation,  the  up-conversion  was  performed  on  the 
basis  of  the  difference-frequency  generation  process. 
In  addition,  this  variant  simplified  adjustment  of  the 
optical  system.  Radiation  generated  by  the  up- 
converter  was  expanded  into  spectrum  by 
polychromator  7  and  registered  with  detecting 
system  77. 

The  system  was  designed  as  two  units 
representing  the  irradiator  (Figure  3a)  and  receiver 
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(Figure  3b).  By  an  appropriate  modification  of  the  dye 
laser  (and  using  diffraction  gratings  as  dispersion 
elements),  it  is  possible  to  transform  the  device  into 
an  IR  spectrometer  with  a  narrow  emission  linewidth 
(0.1  cm'1).  Moveover,  a  common  element  base  allows 
the  instrument  to  be  converted  into  a  CARS 
spectrograph. 

Because  of  the  use  of  a  single-frequency 
YAG:Nd  master  laser,  the  spectral  resolution  of  the  IR 
spectrograph  is  determined  by  the  spectral  resolution 
of  the  polychromator  (  0.6  cm'1)  and,  unlike  the  case 
of  a  system  based  on  the  alkali  metal  vapor  presented 
by  Avouris  et  al  (1981),  can  be  in  principle  improved 
further.  The  spectral  range  of  the  nonlinear  IR 
spectrograph  with  the  same  dye  (DCM)  extends  from 
2.7  to  3.7  pm  and  increases  to  4.5  pm  on  changing 
dye. 

In  order  to  study  the  possibility  of 
synchronization  of  the  process  studied  with  operation 
of  the  IR  spectrograph  with  passive  Q-switching  in 
the  master  laser,  we  have  measured  the  time  interval 
between  the  initiating  pulse  of  the  power  supply  unit 
of  the  master  laser  and  the  front  of  the  laser  pulse.  The 
latter  pulse  was  detected  by  a  nanosecond  photodiode 
37  (Figure  3a).  Measurement  of  more  than  one 
hundred  laser  pulses  gave  a  scatter  of  ±  2.5  ps,  which 
was  the  value  determining  the  temporal  resolution  of 
the  system.  Therefore,  the  IR  spectrograph  with 
passive  Q-switching  of  the  master  laser  can  be  used 
for  investigation  of  high-rate  processes,  in  particular, 
those  behind  shock  waves.  A  further  decrease  in  the 
time  scatter  at  the  expense  of  some  reduction  of  the 
energy  stability  is  possible  in  a  system  using  an  active 
Q-switching  of  the  master  laser  and  a  Fabry-Perot 
etalon  in  the  resonator  for  frequency  stabilization 
Demtroder  (1982). 

Because  the  recording  of  spectra  on 
photographic  media  is  a  rather  cumbersome  process, 
the  IR  absorption  spectra  of  the  medium  studied  were 
detected  with  a  visible-range  optical  multichannel 
analyzer  OSV-31  (Special  Design  Bureau,  Academy 
of  Sciences  of  Estonia)  based  on  a  512-element  linear 
photoelectric  converter  and  an  image  brightness 
amplifier  (electrooptical  converter)  connected  with  an 
optical-fiber  coupler.  The  absorption  spectrum 
obtained  from  the  OSV-31  analyzer  was  transmitted 
via  an  interface  and  stored  in  a  computer. 

MEASUREMENT  OF  THE  ABSORPTION 
SPECTRUM  OF  METHANE 

A  schematic  of  the  shok  tube  test  section  and  the 


spectroscopic  equipment  is  shown  in  Figure  5.  The 
operation  of  the  tube  and  the  nonlinear  IR 
spectrograph  is  synchronized  with  a  piezo-electric 
transducer.  The  signal  from  the  transducer  sent 
through  a  delay  generator  starts  an  electronic  power- 
supply  unit  for  pump  lamps  of  pulsed  lasers  and 
registering  camera.  A  signal  from  the  transtucer 
clears  the  buffer  of  the  camera  and  forms  a  power- 
supply  high-voltage  gate  pulse  for  the  image- 
brightness  amplifier  of  the  of  the  camera.  The 
moment  of  the  flash  of  the  irradiator  of  the  IR 
spectrograph  is  controlled  according  to  readings  of 
the  photodiode. 

The  quantitative  characteristic  of  a  radiation 
absorption  at  the  wavenumber  v  is  usually  an 
absorption  coefficient  av  which  is  defined  according 
to  Bouger-Beer-Lambert  law: 

/v  =  /v0exp[-avx/], 

where  7V  and  7v0  -  are  intensities  of  the  incident  and 
passed  radiation  correspondingly;  %  -  concentration 
of  absorbing  particles;  /  -  length  of  the  absorption 
zone. 

It  is  known  that  av  depends  on  the 
temperature  T  and  pressure  P  of  the  medium  being 
studied.  Let  us  assume  that  the  pressure  measured  in 
a  rather  simple  way  in  homogeneous  flows  is  known. 
If  the  value  of  the  concentration  x  is  also  known  then 
after  measuring  the  ratio  7v/7v0  it  is  possible  to  obtain 
the  value  of  T  and  vice  versa,  and  that  is  widely  used 
in  the  studies  of  gas  flows.  In  order  to  determine  the 
temperature  in  such  a  way,  the  function  av(7)  should 
be  known  through  preliminary  measurements  (a 
calibration).  The  necessity  of  determination  another 
parameter  of  the  medium  in  addition  to  the  pressure 
is  a  deficiency  of  this  method:  when  the  temperature 
is  determined  the  concentration  must  be  known. 

The  interval  between  adjacent  lines  of  the  P 
and  R  branches  of  the  v3  band  of  the  methane  is 
approx.  10  cm"1.  Taking  into  consideration  spectral 
width  of  the  probing  radiation  of  the  nonlinear  IR 
spectrograph,  the  section  of  the  spectrum  from  3000 
to  3020  cm'1  is  the  most  informative  one.  A  high 
density  of  absorption  lines  is  characteristic  for  the 
above-mentioned  interval:  here  there  are  intensive 
lines  of  the  Q  branch  of  the  v3  band  and  also  more 
weak  lines  corressponding  to  other  vibration  types  of 
the  molecule  of  methane. 

The  absorption  spectrum  within  the  zone  of 
the  Q  branch  of  the  v3  band  of  the  methane  under 
normal  conditions  (the  temperature  is  T0  =  293  K, 
the  pressure  is  P0  =  1  atm)  registered  with  the 
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nonlinear  IR  spectrograph  is  shown  in  Figure  6.  The 
dots  correspond  to  the  readings  of  individual 
photodiodes  of  the  registering  linear  detector  of  the 
optical  multichannel  analyser.  The  concentration  of 
methane  in  the  mixture  with  argon  contained  in  the 
shock  tube  channel  with  /  =  9.8  cm  in  width  is  4  ~ 
1.2%,  the  number  of  superimposed  registered  spectra 
is  30.  In  Figure  6  there  is  also  probing  radiation 
spectrum  in  the  absence  of  the  absorbing  medium  (/v0) 
recorded  after  the  absorption  spectrum  measurement 
and  an  evacuation  of  the  tube  (curve  /). 

Figure  7  is  a  record-  of  the  same  spectrum 
section  obtained  through  a  summation  of  results  of  the 
spectrum  registration  during  four  experiments  in  the 
shock  tube  4  =  15%,  M  =  2.25,  the  initial  pressure  in 
the  channel  is  0.05  atm).  M  is  the  Mach  number  of  the 
incident  shock  wave.  The  readings  of  the  pressure 
transducer  in  the  probing  section  (10  mm  from  the 
channel  end)  allow  the  value  of  the  pressure,  P  =  1.88 
atm,  to  determine  at  the  moment  of  the  spectrum 
registration.  The  calculation  gives  the  value  of  the 
temperature  corresponding  to  this  pressure  which  is 
equal  to  1370  K.  Curve  1  in  Fiure  7  is  a  record  of  the 
probing  radiation  spectrum  /v o  averaged  according  to 
the  above-mentioned  four  experiments  after  the 
evacuation  of  the  tube  after  every  experiment. 

The  calculation  of  the  absorption  spectrum, 
/v,  when  taking  a  device  contour  into  account  under 
normal  conditions  and  when  4  =  1-2%  and  /  =  9.8  cm, 
is  shown  in  Figure  6  (curve  2).  The  calculation  of  the 
absorption  spectrum,  /v  ,  when  the  pressure  P  -  1.88 
atm,  the  temperature  T  =  1370  K  behind  the  shock 
wave  and  4  =  30%,  is  shown  in  Figure  7  (curve  2). 
The  value  of  4  accepted  in  the  calculation  was 
doubled  in  comparison  with  that  one  used  in  the  expe¬ 
riment  because  the  applied  calculation  model  gives  a 
lower  value  of  av,  when  the  temperature,  T,  is  rising. 

The  calculated  spectra  obtained  describe 
experimental  data  quite  well,  and  this  fact  shows  a 
possibility  of  using  spectroscopic  data  for 
determination  of  the  temperature  of  methane- 
containing  mixtures  within  the  studied  range  of  T  by 
the  shape  of  the  absorption  spectrum. 
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Fig.  5.  Measuring  section  of  the  shock  tube  and 
registration  system:  (/)  the  shock  tube;  (2)  the  nonlinear  1R 
spectrograph;  (3-5)  pressure  transducers.  (6)  delay  genera¬ 
tor;  (7)  electronic  power-supply  unit;  (3)  optical  multicha¬ 
nnel  analyzer;  (P)  YAG:Nd  laser  with  amplifier  and  frequ¬ 
ency  doubler;  (10)  dye  laser;  (11)  1R  generator;  (12)  opti¬ 
cal  windows;  (13)  up-convener;  (14)  grating;  (15)  autocol- 
■  limator;  (16)  photodiode;  (17)  computer;  (18)  end  wail. 


Fig.  7.  Absorption  spectrum  behind  a  shock  wave. 
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ABSTRACT 

This  paper  describes  a  technique  to  measure  the 
spatial  concentration  distribution  of  substances  us¬ 
ing  the  absorption  characteristics  in  the  near  infra¬ 
red  light  of  molecules  . 

Measurements  of  concentration,  temperature 
and  flow  velocity  have  been  performed®®  by  LIF 
technique,  i.e.  noting  the  temperature  dependence 
of  fluorescence  characteristics  of  Rhodamin-B  in 
water  solution  as  excited  by  green  light  in  combi¬ 
nation  with  a  PIV  technique.  The  flow  around 
a  bubble  with  a  moving  boundary  was  investi¬ 
gated  by  using  fluorescent  particles  and  PIV®. 
An  analysis  of  the  turbulent  interaction  of  dif¬ 
ferent  phases  including  liquid-liquid,  gas-liquid  or 
gas-gas  phases  are  of  interest.  In  particular  the 
boundary  of  a  liquid-liquid  mixture  is  hard  to  de¬ 
tect  with  visible  light. 

In  this  work  a  new  measurement  technique  em¬ 
ploying  the  spectroscopic  detection  of  molecules  in 
the  near  infra-red  region  was  investigated.  Since  it 
can  detect  the  molecule  itself,  therefore  we  can  ob¬ 
serve  the  mass  transfer  and  diffusion  phenomena 
directly.  Additionally  we  can  distinguish  a  spe¬ 
cific  substance  from  many  others;  thus  the  concen¬ 
tration  of  each  substances  can  be  measured  from 
a  relationship  between  absorbance  and  concentra¬ 
tion. 

INTRODUCTION 

Classical  shadow-graphy  and  schlieren  photog¬ 
raphy  visualize  the  concentration  or  density  map 
of  the  compressible  or  high  temperature  flow  field, 
for  example  in  supersonic  or  combustive  flows.  Ad¬ 


ditionally,  holographic  measurements  of  velocity® , 
mass  transfer®’®  and  temperature  field®’®  have 
been  developed  in  recent  years.  To  analyze  mass 
transfer  and  diffusion  precisely,  however  a  quan¬ 
titative  and  time-series  based  measurements  are 
required. 

Recent  advances  of  near  infra-red  and  visible 
semiconductor  laser  sources  for  telecommunication 
or  high  speed  computer  networks  have  equally  in¬ 
spired  a  new  generation  of  laser  measurements  based 
on  an  absorption  spectroscopy.®  Operating  at  room 
temperature  with  wavelength  tuning,  high  spec¬ 
tral  purity,  and  long  term  stability  are  attractive 
characteristics  of  spectroscopic  absorption  sensing. 
The  structure  of  a  basic  diode  laser  consists  of  a 
short  cleaved  section  of  lasing  material  with  ohmic 
contacts  at  the  top  and  bottom.  The  injected  cur¬ 
rent  through  the  gain  medium  generates  an  optical 
gain  along  the  laser  axis  and  the  finite  reflectance 
of  the  cleaved  crystal  planes  is  sufficient  to  create 
a  Fabli-Perot  resonator.  These  are  common  struc¬ 
tures  in  the  visible  or  near  infra-red  laser  diode; 
that  is,  the  gain  medium  tends  to  oscillate  in  a 
single  longitudinal  mode  defined  by  one  order  of 
the  resonator. 

The  wavelength  of  a  general  diode  laser  can 
be  tuned  in  two  ways.  By  adjusting  the  temper¬ 
ature  of  the  diode  element,  the  effective  optical 
index  of  the  waveguide  is  changed;  thus  adjusting 
the  resonant  condition  of  the  laser  cavity.  Using 
this  approach,  each  laser  diode  can  typically  be 
tuned  from  3  to  5  nm  between  275K  and  325K. 
For  Fabri-Perot  lasers,  this  tuning  range  is  typi¬ 
cally  not  continuous  and  exhibits  hysteresis  and 
regions  of  multimode  instability.  In  the  continu- 
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ous  tuning  range  the  mode  hops  may  be  as  small 
as  100pm.  Because  of  the  thermal  mass  of  the 
diode  and  heater/cooler  element,  this  type  of  tun¬ 
ing  is  usually  restricted  to  a  few  Hz  of  maximum 
bandwidth. 

The  second  mode  of  wavelength  tuning  involves 
the  injection  of  current  density  into  the  gain  sec¬ 
tion.  At  any  given  temperature,  the  injection  cur¬ 
rent  can  be  varied  to  modulate  the  optical  index. 
Of  course,  the  output  power  is  also  modulated, 
but  the  laser  wavelength  may  be  tuned  quickly.  In 
fact  the  injection  current  modulation  bandwidths 
on  the  order  of  10GHz  are  achieved  in  telecommu¬ 
nications  lasers. 

Absorption- based  sensors  have  high  sensitivity 
and  selectivity  when  a  spectrally  narrow  source 
and  frequency  modulation^  are  used  to  probe 
a  spectrally  narrow  feature.  Tuning  the  wave¬ 
length  of  the  light  source  across  the  absorption  fea¬ 
ture  distinguishes  the  isolated  feature  from  back¬ 
ground  absorption,  scattering  or  excitation  effects 
due  to  obscuration  of  the  optical  path  or  changes 
in  the  total  source  power  coupled  onto  the  receiver. 
Thus,  most  applications  relevant  to  gas  or  fluid  dy¬ 
namics  are  based  on  absorption  by  low  molecular 
weight  molecules  with  a  well  resolved  absorption 
transition. 

Water  vapor,  droplets  or  liquid,  are  the  trace 
in  atmospheric  air  and  is  the  major  species  of  most 
industrial  flows.  There  are  three  types  of  funda¬ 
mental  vibrations  as  shown  in  Figure  1.  The  ab¬ 
sorption  measurements  of  overtone  and  combina¬ 
tion  vibration  absorption  bands  like  in  other  hy¬ 
drocarbons  are  performed.  The  v\  -1-  v3,  2v\,  and 
2v3  absorption  bands  corresponding  the  1.3/jm  - 
1.4/im  region,  include  well-resolved  lines  at  the 
technically  important  wavelength  near  1.31^m  or 
1.38/xm. 


t 


Figure  1:  Fundamental  vibration  of  H-O-H  bond. 
vx  =  3657cm-1,  u2  =  1595cm-1,  vz  =  3756cm"1, 


As  well  frequency  modulation  spectroscopy  has 
successfully  been  applied  in  the  various  forms  to 
near-IR  and  visible  diode  lasers  for  detection  of 

H  0[1ih15],ci#i,c,hM 


andOJ18!’!19'. 


In  particular  as  for  an  absorption  spectrum  in  this 
region  between  6300  and  7900cm-1  of  water,  H2O, 


detailed  research  about  the  line  intensities  were 
conducted  by  J.-Y.Mandin.  et  all20!.  The  group 
reported  many  absorption  bands. 

MEASUREMENT  TECHNIQUE 

The  following  measurement  technique  is  based 
on  the  absorption  of  liquid  water  in  the  near  infra¬ 
red  region.  The  absorbance  of  the  probe  beam 
through  an  absorbing  medium  describes  the  Lambert- 
Beer  relation  given  by 

A(y)  =  =  -cmde{y)  (1) 

-*0 

where  A (v)  is  the  absorbance  at  frequency  v.  Io  is 
the  incident  intensity  of  the  probe  beam  and  l(u)  is 
the  intensity  after  propagation  through  the  length 
’d’  of  the  absorbing  medium  and  s(u)  is  the  spec¬ 
tral  molar  absorption  coefficient.  If  there  exists  a 
spatial  concentration  distribution,  it  corresponds 
to  the  line  integral  value  of  absorbance  along  the 
probe  beam. 

In  order  to  accurately  detect  absorption,  the 
wavelength  of  the  light  source  needs  to  be  adjusted 
to  the  absorption  line.  Figure  2  show  a  diagram 
of  the  laser  diode  power  supply  that  controls  the 
injection  current  and  the  temperature  to  stabilize 
the  output  power  and  the  wavelength. 


©(5)® 


Q  Current  Contoroller  0  Temperature  Transducer 

0  Current  Source  0  DFB-LD 

0  Ammeter  ®  Optical  Fiber 

Automatic  Temperature  Control  (F)  Optical  Spectrum  Analyzer 
0  Peltier  Cooler  @  Frequency  Modulator 

Figure  2:  Laser  diode  power  supply  with  Auto¬ 
matic  Temperature  Control(ATC)  and  Automatic 
Power  Control  (APC). 
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Figure  3:  Structure  of  Distributed  Feed¬ 

back  (DFB)  laser  diode. 


EXPERIMENT  AND  RESULT 

Absorption  Spectrum 

In  the  experiments  two  substances,  water  and 
acetone,  were  used  to  confirm  the  efficiency  of  our 
absorption  sensor.  Figure  4  shows  the  correspond¬ 
ing  absorption  spectrum  between  0.8pm  and  2.0pm. 
It  shows  that  a  1.38pm  DFB  light  source  can  dis¬ 
tinguish  water  from  acetone  whose  absorbance  is 
extremely  small  in  comparison  with  waters  at  this 
wavelength. 


In  the  present  study,  we  adopted  an  InGaAsP /InP 
DFB  (Distributed  Feedback)^‘^>[22]  laser  diode 
as  shown  in  Figure  3  has  a  narrow  emission  spec¬ 
trum,  typically  less  than  30MHz  (~0.2[pm])  in  the 
near  infra-red  region.  The  detailed  specifications 
are  shown  in  Table  1.  DFB  lasers  have  been  de¬ 
veloped  at  wavelength  as  short  as  760nm  and  are 
commonly  available  as  InGaAsP /InP  devices  out 
to  2pm.  They  can  also  be  temperature  tuned  over 
3-5nm  about  the  normal  operating  wavelength  al¬ 
though  the  injection  current  tuning  rate  is  typi¬ 
cally  below  10-2[nm  •  mA-1],  and  10-1[nm  ■  K-1] 


Table  1:  Optical  and  electrical  characteristics  of 
Anritsu  DFB  laser  diode  module  at  Tc  =  298[K] 


item 

symbol 

value(Typ.) 

unit 

Forward  Volt¬ 
age 

vF 

1.5 

V 

Threshold  Cur¬ 
rent 

Ith 

35 

mA 

Optical  Output 
Power 

Po 

4 

mW 

Spectral  Half 
Width 

sx 

30 

MHz 

Side  Mode  Sup- 
presion  Ratio 

SMSR 

35 

dB 

Parallel  Beam 
Divergence 

6/J 

35 

deg 

Perpendicular 
Beam  Diver¬ 
gence 

e± 

40 

deg 

Rise  time 

tr 

0.5 

ns 

Fall  Time 

tf 

0.7 

ns 

water 


wavelength 


acetone 

Figure  4:  Experimental  near  infra-red  absorption 
spectrum  and  the  twice  differentiated  spectrum 
of  liquid  water  and  acetone  between  0.8pm  and 
2.0pm 

.  ;  temperature  =  293[K],  pressure  =  0.1[MPa], 
pass  length  =  10.0[mm]. 
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Concentration  and  Absorbance 

Initially  we  checked  the  relationship  between 
the  concentration  and  the  absorbance.  The  exper¬ 
imental  apparatus  is  shown  in  Figure  5.  The  In- 
GaAs  photodiode  detects  the  intensity  of  the  laser 
beam  through  a  sufficiently  mixed  solution  of  ace¬ 
tone  and  water.  From  the  result  in  Figure  6,  we 
confirmed  that  the  absorbance  was  directly  pro¬ 
portional  to  the  concentration  of  water.  So  it  is 
possible  to  apply  the  relation  described  by  Equa- 


tion  1  in  this  case. 

DFB  Light  Lens 

10mm 

InGaAs 

Source 

Quartz  Cell 

Photodiode 

□  0 

□ 

Figure  5:  Measurement  system  to  verify  the  rela¬ 
tionship  between  concentration  and  absorbance. 


Figure  6:  Measured  absorbance  of  water  at  1.38/rm 
as  a  function  of  the  concentration 


Concentration  Distribution  Measure¬ 
ments 

Secondaly,  we  measured  the  spatial  concentra¬ 
tion  of  water  in  a  acetone  pool,  as  the  first  step 
toward  extension  to  multi-dimensional  measure¬ 
ments  using  a  Computer  Tomography  (CT)  tech¬ 
nique.  This  system  consists  of  a  DFB  light  source, 
linear  image  sensor,  signal  processor  and  host  com¬ 
puter  as  shown  in  Figure  7.  When  the  laser  sheet 


was  directed  into  the  pool,  only  the  water  ab¬ 
sorbed  the  light  and  the  absorbance  of  water  was 
observed  by  the  sensor  located  on  the  opposite 
side  of  the  light  source.  The  InGaAs  linear  im¬ 
age  sensor  with  Peltier  cooling  was  adopted  to  ob¬ 
serve  the  distribution  of  absorbancies  which  has 
sensitivity  in  the  near  infra-red  region.  A  detailed 
specification  is  shown  in  Table  2.  The  projected 
image  on  the  sensor  were  first  converted  to  ana¬ 
log  video  signal.  The  images  were  logarithmically 
amplified  by  a  signal  processor  in  order  to  con¬ 
vert  the  intensity  information  to  absorbancies  and 
to  widen  the  dynamic  range.  The  information  was 
then  transferred  into  a  personal  computer  through 
a  60  MSPS  ,12bit  high  speed  Analog  to  Digital 
converter. 


DFB  Light  Cylndrical  10mm  InGaAs  PD 

Source  Lens  Quartz  Cell  Array(128  pixels) 


Timing  Host  Signal 

Controller  Computer  Processer 


Figure  7:  Experimental  set-up  to  measure  the  spa¬ 
tial  distribution  of  concentration. 


Table  2:  Optical  and  electrical  characteristics  of 


linear  image  sensor. 


item 

symbol 

value 

unit 

Pixel  Width 

- 

50 

i«m 

Pixel  high 

- 

200 

pm 

A  number  of 
pixel 

" 

128 

pixels 

pixel  rate 

f 

up  to  1 

MHz 

Sensitive  wave¬ 
length 

A 

0.9  -  1.7 

pm 

Dark  Current 

Id 

3 

p  A/pixel 

Cooling  Tem¬ 
perature 

Ts 

263 

K 
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Figure  8  illustrated  the  experimental  results 
which  were  obtained  in  the  way  described  above. 
This  figure  shows  the  one- dimensional  time- resolved 
distribution  of  a  water  and  acetone  mixture  droplet 
(A)  in  a  pure  acetone  pool  (B).  The  concentration 
distribution  of  water  spreads  according  to  convec¬ 
tion  and  diffusion.  Furthermore,  the  droplet  as  a 
whole  is  descending  in  the  direction  of  gravity. 

Figure  9  illustrates  the  sectional  concentration 
distribution  of  the  round  jet.  This  is  performed  by 
changing  the  initial  H2O  concentration,  the  other 
conditions  such  as  average  velocity,  temperature, 
nozzle  diameter  were  fixed.  As  the  initial  con¬ 
centration  was  changed  from  0.1  to  0.01[mol/l], 
the  measured  concentration  distribution  were  fol¬ 
lowed. 


(A)  acetone+water 

(B)  acetone 


Figure  8:  Spatial  distribution  of  concentration  : 
[water] + [acetone]  droplet  in  a  [acetone]  pool. 


Figure  9:  Spatial  distribution  of  concentration; 
round  jet  at  x/D=5.0  :  initial  concentration 
of  H2O  =  0.01  —  0.1[mol/l],  nozzle  diameter  D  = 
1.0mm,  average  velocity  U  =  3.2  x  10~3m/s 

Conclusion 

In  this  work,  we  accomplished  to  measure  the  one¬ 
dimensional  temporal  distribution  of  concentra¬ 
tion  which  is  invisible  information,  with  a  pair  of 
near  infra-red  DFB  laser  diodes  and  a  linear  im¬ 
age  sensor.  This  spectroscopic  detection  technique 
has  high  sensitivity  and  quantitativeness,  that  can 
be  utilized  in  a  various  media  by  choosing  the  ab¬ 
sorption  band  corresponding  to  the  substance  un¬ 
der  search.  Multiple  projected  images  enable  us 
to  obtain  the  sectional  image  of  the  concentration 
in  combination  with  a  CT  technique.  It  is  easy 
to  extend  the  method  to  the  three  dimensional 
measurement.  As  a  projected  matrix  image  was 
observed,  we  could  obtain  the  time  resolved  vol¬ 
umetric  distribution  of  concentration  using  a  3-D 
CT  technique. 
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ABSTRACT 

The  surface  tension  driven  flow  in  the 
liquid  vicinity  of  gas  bubbles  on  heated  solid 
walls  has  been  investigated  both,  in  a  reduced 
gravity  environment  aboard  a  sounding  rocket 
and  in  earth-bound  experiments,  using  liquid 
crystal  tracers  as  flow  and  temperature  indica¬ 
tors.  Comparison  of  single  bubble  results 
obtained  in  microgravity  to  those  measured  on 
Earth  reveals  that  due  to  the  interaction  of 
thermocapillarity  and  buoyancy  a  very  compact 
vortex  flow  results  on  ground,  while  in 
microgravity  the  influence  of  the  surface  tension 
driven  flow  penetrates  much  deeper  into  the 
bulk.  Also,  results  of  double  bubble  experiments 
in  a  gravitational  environment  are  presented  and 
discussed. 


1.  INTRODUCTION 

In  numerous  natural  and  industrial 
processes  the  knowledge  of  the  behaviour  of 
liquids  due  to  temperature  gradients  plays  a 
fundamental  role  as  far  as  momentum,  heat,  and 
mass  transfer  are  concerned.  On  Earth, 
temperature  gradients  cause  fluid  density 
variations  which,  in  turn,  lead  to  flows  driven  by 
buoyant  effects.  However,  buoyancy  vanishes  in 
orbit  due  to  the  virtual  absence  of  gravity  but 
the  existence  of  a  free  fluid  interface  between  a 
liquid  and  a  gas  or  two  immiscible  liquid  phases 
can  induce  bulk  fluid  motion.  Thus  a  bubble  or 


drop  will  cause  convection  in  the  vicinity  of  its  periphery 
when  placed  in  another  liquid  and  subjected  to  a 
temperature  gradient.  This  flow  arises  as  a  consequence  of 
the  variation  of  the  surface  tension  with  temperature,  which 
in  turn  causes  tangential  stresses  within  the  fluids  along  the 
interface,  and  is  known  as  thermocapillary  convection. 

With  the  advent  of  space  flight  this  phenomenon  has 
received  increasing  impetus  because  the  mechanism  is 
independent  of  gravity  for  its  action,  and  will  be  ubiquitous 
in  the  reduced  gravity  environment  aboard  orbiting  vehicles 
and  outer  space  probes  as  gravity  is  on  Earth  in  causing 
buoyant  convection.  Also,  the  thermocapillary  effect  is  of 
considerable  importance  in  present  activity  areas  in  space 
processing.  Examples  are  the  production  of  novel  two-phase 
materials  using  the  absence  of  sedimentation  in 
microgravity,  the  containerless  processing  of  glass  in  order 
to  obtain  a  better  product  quality,  or  the  growth  of  larger 
monocrystals  exhibiting  higher  purities  when  compared  to 
crystals  grown  under  the  disadvantageous  influence  of 
buoyancy  on  Earth. 

Bubbles,  resulting  from  solidification,  melting  and 
other  operations  present  surfaces  being  the  driver  of 
thermocapillary  convection.  Furthermore,  these  bubbles, 
when  not  attached  to  a  solid  object,  will  migrate  in  the 
direction  of  wanner  liquid  areas  or  container  walls  (where 
they  usually  remain)  due  to  the  nature  of  thermocapillary 
convection.  Attached  to  a  solid  wall  bubbles  are  a  steady 
driver  of  convection  of  the  fluid  surrounding  them.  The 
topic  of  the  thermocapillary  bubble  and  drop  migration  is 
reviewed  by  Wozniak  (1988)  and  Subramanian  (1992)  and 
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will  not  be  discussed  here.  The  objectives  of  the 
present  study  are  to  investigate  the  structure  of 
the  bulk  temperature  and  velocity  fields  induced 
by  bubbles  attached  to  solid  walls.  Therefore, 
experiments  on  Earth  have  been  performed  on 
different  bubble  configurations.  Also,  an 
experiment  in  a  reduced  gravity  environment 
using  a  sounding  rocket  has  been  conducted  in 
order  to  study  a  situation  where  buoyant 
convection  vanishes.  In  all  these  experiments 
liquid  crystal  tracers  have  been  used  which  offer 
the  advantegeous  feature  of  simultaneous 
temperature  field  and  velocity  field  information. 


2.  PHYSICAL  CONSIDERATIONS  OF 
THERMOCAPILLARY  BUBBLE  FLOW 

The  interface  of  two  adjacent  fluids  will 
not  be  in  equilibrium  if  there  is  a  variation  of 
interfacial  tension  over  the  interface.  Such 
variation  may  arise  because  of  the  presence  of 
extraneous  matter  in  the  interface  or  because  the 
temperature  of  the  interface  is  not  uniform.  An 
interface  gradient  of  interfacial  tension  induces 
motion  within  the  fluids  on  either  side  of  the 
interface  so  that  it  can  be  balanced  by  viscous 
shearing  stresses.  The  induced  fluid  motion  is 
due  to  the  fundamental  fact  that  fluids  can  only 
sustain  shear  stresses  when  being  in  motion.  For 
the  sake  of  simplicity,  we  let  z=0  in  Figure  1  be 
a  straight  interface  between  two  fluids,  with 
and  r|2  being  the  dynamic  viscosities  on  either 
side.  Then,  if  T(x)  is  the  temperature  at  distance 
x  along  the  interface. 


to  a  temperature  variation  of  the  interface 

A  schematic  of  the  single  bubble  flow  configuration 
investigated  is  shown  in  Figure  2.  A  gas  bubble  (air)  is 
positioned  in  the  liquid  matrix  under  a  heatable  wall.  The 
liquid  cavity  is  cooled  from  below  in  order  to  introduce  an 
upward  vertical  temperature  gradient.  This  ensures  an 
initially  stable  stratification  and  thus  reduces  buoyant 
effects  in  the  ground-based  experiments.  For  reasons  given 
above  the  expected  flow  direction  along  the  periphery  of  the 
bubble  is  from  the  heated  wall  towards  the  colder  bubble 
pole. 


da  dT 
dT  dx 


dui  dun 

=  111 — '—r\2  — 

1  dz  1  dz 


(1) 


where  a  is  the  interfacial  tension,  ui  and  u2  the 
x-components  of  the  fluid  velocities  on  either 
side,  and  their  gradients  are  evaluated  at  the 
interface.  The  interfacial  tension  varies  weakly 
with  temperature  and  most  fluid  systems  exhibit 
a  negative  da/dT.  Consequently,  the  direction  of 
the  thermocapillary  flow  is  towards  colder  areas 
of  the  interface  because  its  tension  there  is 
higher. 


Fig.  2  Schematic  of  the  thermocapillary  flow  around  a 
bubble  under  a  heated  horizontal  wall 


The  properties  of  the  steady  temperature  and  the 
velocity  field  surrounding  the  bubble  can  be  obtained  by 
solving  the  governing  continuity,  Navier-Stokes,  and  energy 
equations  along  with  the  associated  boundary  conditions. 
When  convective  transport  effects  are  important,  the 
problems  are  nonlinear.  The  relative  importance  of 
convective  transport  of  energy  when  compared  to 
conduction  can  be  judged  from  the  magnitude  of  the  Peclet 
number  whereas  a  similar  ratio  for  momentum  transport  is 
described  by  the  Reynolds  number.  Re.  When  a  velocity 
scale  chracteristic  of  thermocapillary  migration  is  used,  the 
Peclet  number  is  known  as  the  Marangoni  number,  Mg.  The 
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definitions  of  the  Reynolds 

and  Marangoni 

numbers  are  given  below. 

R  r  V  n 

Re=  c  0 

(2) 

V 

R  rvn 

M  g  =  C  0 

(3) 

K 


Here,  Rc  is  a  characteristic  radius  of  the  bubble, 
v  the  kinematic  viscosity  of  the  continuous 
phase,  and  K  its  thermal  diffusivity.  The 
reference  velocity,  v0,  is  defined  below. 


In  the  above,  r|  is  the  dynamic  viscosity  of  the 
continuous  phase,  Ot  is  the  rate  of  change  of 
interfacial  tension  with  temperature,  and  VT„  is 
the  temperature  gradient  imposed  in  the 
continuous  phase  fluid.  It  is  worth  noting  that 


a  single  bubble  in  microgravity,  and  a  double  bubble  in 
gravity. 

3.1  Experimental  Set  Up  and  Measuring  Technique 

Conceptually,  the  experiments  were  simple.  Within 
a  test  cell  mounted  in  the  experimental  set  up  and  filled  with 
a  suitable  liquid,  a  temperature  gradient  was  established, 
followed  by  the  introduction  of  the  bubble(s).  The 
subsequent  motion  of  the  matrix  liquid  via  liquid  crystal 
tracer  tracking  was  recorded  for  later  analysis  on 
photographic  colour  film  using  a  multiexposure  mode. 

The  heart  of  the  experimental  apperatus  is  the  test 
cell.  The  interior  dimensions  were  typically  50  mm  in  each 
direction.  Vertically,  the  cell  was  closed  by  plane  copper 
walls  connected  with  electrical  heaters  or  Peltier  elements  in 
order  to  heat  and  cool,  respectively,  for  thermal  gradient 
establishment.  The  other  four  walls  were  made  of  optical 
quality  glass.  In  order  to  measure  and  control  the 
temperature  gradient,  temperatures  were  measured  at  the 
heating  and  cooling  plates  as  well  as  within  the  liquid  layer 
using  calibrated  thermistors.  The  mean  temperature  of  the 
liquid  matrix  was  kept  at  ambient  temperature  in  order  to 
minimize  lateral  heat  losses. 


M  g  =  Re-Pr  (5) 

with  Pr  being  the  Prandtl  number  defined  as 


K 


Another  dimensionless  group  characterizing 
physical  features  of  our  problem  is  the  Bond 
number  Bo, 


(7) 


The  liquid  used  for  the  experiments  was  a  silicone 
oil  (AK  10,  Wacker  Chemie  GmbH)  of  10  centistokes 
nominal  kinematic  viscosity.  Table  1  provides  its  fluid 
properties. 


Kinematic  viscosity  n 

10'5m2/s 

Thermal  diffusivity  k 

8.2  x  10's  m2/s 

Density  r 

930  kg/m3 

Volume  expansion  b 

10'3  K’1 

Surface  tension  s 

19.9  x  10'3  N/m 

Variation  of  surface 
tension  with  temperature 
St  2  ds/dT 

-6.4  x  10-i  N/Km 

describing  the  relative  importance  of  buoyant 
forces  when  compared  to  capillary  forces.  In 
definition  (7)  p  denotes  the  density  of  the 
continuous  phase  fluid  and  (3  its  thermal  volume 
expansion  coefficient. 

3.  EXPERIMENTAL 

In  the  following,  after  describing  the 
experimental  set  up  and  technique,  three 
different  experimental  configurations  will  be 
presented,  which  are:  a  single  bubble  in  gravity. 


Table  1  Fluid  properties  of  the  test  liquid  silicone  oil  (AK 
10,  Wacker  Chemie  GmbH)  at  T=25°  C 


As  outlined  before,  the  principle  of  the  method  is 
based  on  seeding  the  liquid  flow  medium  with  liquid  crystal 
particles  which  are  able  to  indicate  both  the  velocity-  and 
temperature  field.  The  investigated  flow  plane  (i.  e. 
symmetry  plane  of  corresponding  bubble  configuration)  is 
illuminatd  by  a  white  light  sheet  and  recorded  on 
photographic  material  via  multi-exposures.  The  resulting 
flow  image  contains  the  tracks  of  the  particles  and  thus  the 
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spatial  velocity  information  within  the  plane  of  dispersed  tracers  but  found  no  significant  difference 

the  light  sheet.  In  addition,  the  respective  between  the  corresponding  values, 

colours  of  the  particles  indicate  the  local 

temperature  within  the  illuminated  plane  and  4.  RESULTS  AND  DISCUSSION 

thus  the  temperature  field. 

4.1  Single  Bubble  Experiments 

Chiral  nematic  liquid  crystals  behave  as 

multilayered  Fabry-Perot  interference  filters  and  Experimental  parameters  of  the  single  bubble 

reflect  incident  visible  radiation  selectively.  Any  experiments  are  provided  in  Table  2.  Figure  3a  and  3b 

disturbance  of  the  forces  maintaining  the  display  the  principle  results  of  the  earth-bound  single 

internal  structure  of  the  crystals  results  in  a  bubble  experiment.  In  Figure  3a  the  liquid  flow  velocities 

change  in  the  wavelength  of  the  selective  driven  by  the  bubble  are  shown  in  a  local  velocity  vector 

reflection.  In  this  respect  it  should  be  noted  that  representation.  Local  flow  directions  are  indicated  by  the 

the  shear-stress  dependences  of  the  colour  directions  of  the  vectors  and  velocity  magnitudes  by  their 

reflection  behaviour  of  the  liquid  crystals  are  lengths,  where  a  velocity/length  reference  scale  is  given  at 

eliminated  in  the  presented  experiments  as  a  the  bottom  of  the  plot.  Figure  3b  shows  the  resulting  stream 

result  of  their  encapsulation  with  some  resins.  If  lines  and  some  isotherms.  The  flow  topology  consists  of  a 

the  variation  of  the  distance  of  the  internal  three-dimensional  toroidal  vortex  on  top  of  a  secondary  one 

interference  layers  is  due  to  temperature  turning  in  counterdirection.  Note  that  the  bubble  shape  is 

changes,  the  selectively  reflected  colour  of  the  flatened  due  to  the  hydrostatic  pressure  difference  on  Earth, 

crystal  is  a  measure  of  the  temperature.  This  The  maximum  velocities  close  to  the  bubble  surface 

process  is  reversible  and  can  therefore  be  used  evidently  indicate  that  the  flow  is  surface  tension  driven, 

for  temperature  measurements  provided  the  The  surface  carries  warm  liquid  from  the  heated  upper  plate 

crystals  are  properly  calibrated.  More  details  on  to  the  lower  and  thus  colder  region  of  the  fluid  matrix  until 

flow  seeding  with  liquid  crystals  are  published  buoyancy  and  continuity  bring  the  fluid  up  again  resulting 

by  Wozniak  et  al.  (1996).  The  general  physics  in  a  quite  compact  vortex.  The  vortex  is  active  along  the 

of  liquid  crystals  is  described  by  de  Gennes  and  entire  contour  of  the  bubble. 


Prost  (1993).  Since  the  reflected  colour  play  of 


the  crystals  is  also  depending  on  the  viewing 

m-  g 

hi _ 

angle,  we  adjusted  the  angle  between  the 

Pr 

122 

122 

illumination  and  the  recording  axis  in  the 

Mg 

204 

287 

calibration  experiments  as  well  as  in  the  flow 

Bo 

io-4 

1.28 

experiments  to  90 . 

NTV 

4.8  K/cm 

3.8  K/cm 

Dh 

4.5  mm 

6  mm 

The  liquid  crystal  tracer  type  used  was 

Dv 

3.5  m 

2.1  mm 

an  encapsulated  one  of  12  pm  in  mean  diameter 

Rc 

2.25  mm 

3  mm 

(type  TCC  1001,  BHD  Chemical  Ltd.).  The 

concentration  of  the  tracers  within  the  matrix  Table  2  Experimental  parameters  and  dimensionless  groups 

liquid  was  approximately  0. 1  weight  percent.  of  both  experiments  with  DH  and  Dv  being  the  maximum 

The  density  of  the  applied  liquid  crystal  material  horizontal  and  vertical  bubble  dimensions,  respectively.  In 

is  approximately  1000  kg/m3  and  thus  fairly  the  p-g  data  set  only  the  large  bubble  (see  Figure  4)  has 

close  to  the  density  of  the  matrix  liquids  used.  been  considered.  The  characteristic  bubble  radius  Rc  used 

However,  the  encapsulation  of  the  tracers  for  estimating  the  dimensionless  groups  is  defined  as  half  of 

reinforces  sedimentation  processes.  We  the  horizontal  dimension  of  the  respective  bubble.  Liquid 

therefore  conducted  sedimentation  tests  and  properties  are  taken  at  T=25°C  (see  Table  1). 

found  that  sedimentation  becomes  only  visible 

after  several  days.  Consequently,  we  neglected 

this  effect  and  assumed  that  the  tracers  follow 

the  flow  without  any  slip.  Also,  an  influence  on 

the  matrix  liquids  surface  tension  due  to  the 

introduction  of  liquid  crystals  could  not  be 

excluded  a  priori.  So  we  measured  the  suface 

tension  of  the  matrix  liquids  with  and  without 
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a) 


b) 

mm - 1 - mm 


- 26,9-C 

- 26,6°C 


Figure  3  Results  of  the  single  bubble 
experiment  on  Earth,  a)  velocity  vector  field,  b) 
isotherms  and  reconstructed  streamlines 

It  is  evident  that  the  buoyant  influence 
on  thermocapillary  flows  in  earth-bound 
experiments  is  inevitable.  Therefore,  we  set  out 
to  perform  a  thermocapillary  bubble  experiment 
in  reduced  gravity  under  otherwise  similar 
physical  conditions.  This  allowes  to  dircetly 
compare  both  results.  The  sounding  rocket 
experiment  was  flown  in  a  rocket  used  in  the 
European  TEXUS*  programme  providing 
approximately  6  minutes  of  reduced  gravity 
duration  with  residual  gravity  levels  of  10'4g0, 
where  go  is  the  average  acceleration  due  to 
gravity  on  the  Earth’s  surface.  General 
information  on  microgravity  sounding  rockets  is 
provided  by  Minster  (1995).  Table  2  contains 


the  characteristic  experimental  data  which  we  were  able  to 
keep  similar  to  those  of  the  earth-bound  experiment  except, 
of  course,  the  Bond  number  Bo. 

The  results  of  the  low  gravity  experiment  are 
shown  in  Figure  4a  and  4b  in  a  similar  way  Figure  3  is 
organised.  Unexpected  interactions  of  the  wetting  and 
pressure  conditions  in  the  bubble  injection  system  during 
flight  lead  to  an  introduction  of  a  few  satellite  bubbles 
which  do  not  affect  the  principal  result  and  thus  will  not  be 
considered  any  further.  The  large  bubble  is  the  principle 
driver  of  the  flow.  Due  to  the  absence  of  the  hydrostatic 
pressure  the  bubble  is  spherical  in  shape.  Thermocapillary 
convection  is  the  only  flow  mechanism  here  and  leads  to  a 
jet-like  flow  indicated  by  the  reconstructed  flow  field  of 
Figure  4a  and  4b,  respectively.  Remarkable  here  is,  that  the 
convection  penetrates  much  deeper  into  the  bulk  and  the 
symmetrical  large  vortex  is  still  relatively  active  in  the 
lower  part  of  the  matrix.  This  tendency,  when  compared  to 
the  gravitational  experiment,  is  supported  by  the  spherical 
bubble  shape  in  the  low  gravity  environment. 


- -  27,4°C 

- 26,9’C 

- 28, rc 


Figure  4  Results  of  the  low  gravity  experiment,  a)  velocity 
vector  field,  b)  reconstructed  streamlines  and  isotherms 


*  Technologische  Experimente  Unter 

Schwerelosigkeit  4’2  Double  Bubble  Experiments 
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The  double  bubble  configuration 
consists  of  two  bubbles  unter  a  heated  solid  wall 
placed  next  to  each  other.  These  experiments  are 
the  initiation  of  a  study  of  the  thermocapillary 
interaction  of  multiple  bubble  systems  on  heated 
walls.  For  example,  one  could  conjecture  that 
bubbles  situated  close  enough  to  each  other 
attract  or  repel  each  other.  Also,  the  flow 
topology  will  be  different  when  compared  to 
single  particle  configurations,  which  in  turn,  has 
consequences  regarding  the  heat  and  mass 
transfer.  We  investigated  two  bubbles  each  of  6 
mm  horizontal  dimension  and  varied  their 
distance  from  each  other  between  5  mm  and  1 
mm.  The  result  of  the  1  mm  distance  experiment 
is  shown  in  Figure  5.  Two  very  close  vortices 
are  active  especially  in  the  tight  liquid  volume 
between  the  bubbles.  Nevertheless,  the  bubbles 
did  not  influence  each  other  regarding  a  change 
of  their  position.  Furthermore,  the  experiments 
showed  that  with  decreasing  distance  between 
the  bubbles  the  penetration  depth  of  the 
thermocapillary  convection  tends  to  increase. 


b) 


Figure  5  Typical  results  of  the  double  bubble 
experiments,  a)  velocity  vector  field,  b) 
streamlines  and  some  isotherms 


In  a  first  experiment  the  flow  characteristics  of  the 
surface  tension  driven  flow  around  a  bubble  under  low 
gravity  conditions  could  be  demonstrated.  Comparison  with 
ground  based  experiments  reveals  that  the  penetration  of  the 
thermocapillary  convection  driven  by  the  bubble  surface  is 
suppressed  by  the  presence  of  gravitational  acceleration. 
This  result  leads  to  the  conclusion  that  in  low  gravity 
materials  processing  the  presence  of  bubbles  is  more 
significant  than  it  is  on  Earth.  First  experiments  on  double 
bubble  configurations  did  not  show  effects  regarding  a 
change  of  position  of  the  bubbles.  The  performance  of 
liquid  crystals  as  tracers  showed  that  this  technique  is  a 
valuable  experimental  tool  for  thermocapillary  flow 
experiments.  It  is  intended  to  automate  the  simultaneous 
flow  velocity  and  temperature  (colour)  evaluation  in  the 
future. 
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ABSTRACT 

The  hydrodynamics  in  a  bubble  column  of  140  mm 
diameter  and  a  height  of  800  mm  was  analysed  using  a 
phase-Doppler  anemometer  (PDA).  In  order  to  allow 
the  application  of  PDA,  the  bubble  column  was 
aerated  with  relatively  fine  bubbles  with  a  size 
spectrum  between  about  0.3  and  1.5  mm.  The  gas 
hold-up  was  varied  in  the  range  between  0.5  and  4  %. 
For  allowing  the  measurement  of  the  liquid  velocities 
in  the  bubble  swarm  seed  particles  were  added.  The 
discrimination  between  seed  particles  and  bubbles  was 
based  on  size  measurement.  Therefore,  the 
performance  of  the  PDA  for  a  simultaneous 
measurement  of  liquid  phase  and  bubble  velocities  was 
analysed  first  using  Mie  theory.  These  results  revealed 
that  a  scattering  angle  of  70°  is  recommended  for 
sizing  both  tracer  and  bubbles.  Moreover,  the  effect  of 
light  absorption  was  studied  experimentally.  Results 
are  presented  for  different  gas  hold-up.  The  measured 
properties  in  the  bubble  column  include  local  bubble 
size  distributions,  bubble  and  liquid  velocities,  and  the 
slip  velocity  between  both  phases.  Moreover,  the 
turbulent  kinetic  energy  and  one-dimensional 
turbulence  spectra  were  determined  in  order  to  allow 
the  assessment  of  bubble-induced  turbulence. 


INTRODUCTION 

Bubbly  flows  are  found  in  a  number  of 
practical  and  industrial  processes,  such  as  sewage 
water  purification,  and  bubble  column  reactors.  The 
latter  find  applications  as  gas-liquid  contactors  in 
chemical  and  biochemical  processes.  The 
hydrodynamics  in  bubble  columns  is  determined  by 
the  bubble  rise  and  hence  bubble  size  distribution  and 


gas  hold-up.  Moreover,  turbulence  will  be  induced  by 
the  bubble  rise  due  to  the  evolution  of  large  scale  flow 
structures,  shear  produced  in  the  vicinity  of  the  bubble, 
and  bubble  wake  structures.  Especially  mass  transfer 
in  bubble  columns  will  be  largely  affected  by 
turbulence. 

A  detailed  experimental  analysis  of  the 
hydrodynamics  in  bubble  columns  requires  the 
measurement  of  local  bubble  size  distribution,  void 
fraction,  bubble  velocities  and  liquid  velocities. 
Commonly  probe  techniques,  such  as  split-film  probes, 
fibre  optical  probes,  and  electrical  probes  are  used  for 
such  measurements.  However,  measurements  with 
intrusive  techniques  become  very  difficult  for  small 
bubbles  (i.e.  for  bubble  sizes  smaller  than  2  mm)  and 
may  result  in  considerable  errors  due  to  the  distortion 
of  the  flow. 

Detailed  experimental  studies  in  bubble 
columns  using  optical  non-intrusive  techniques,  such 
as  laser-Doppler  anemometry  (LDA),  phase-Doppler 
anemometry  (PDA)  and  visualisation  techniques  are 
quite  rare.  One  of  the  first  studies  of  the 
hydrodynamics  in  a  bubble  column  by  LDA  was 
performed  by  Franz  et  al.  (1984).  Measurements  of  the 
liquid  phase  mean  velocity  and  turbulence  are  reported 
for  different  gas  hold-up.  Recently,  Mudde  et  al. 
(1997)  applied  LDA  for  the  measurement  of  liquid 
velocities  and  turbulence  properties,  such  as  Reynolds 
stresses  and  turbulence  spectra.  They  succeeded  to 
perform  measurements  up  to  a  gas  hold-up  of  25  %. 

PDA  will  additionally  allow  the  measurement 
of  local  bubble  size  distribution  in  bubble  columns, 
requiring  however  spherical  bubbles.  For  air  bubbles 
in  water  this  limits  the  applicability  of  PDA  to  bubble 
diameters  up  to  about  1.2  mm  for  allowing  accurate 
size  measurements.  Lager  bubbles  will  have  an 
ellipsoidal  shape  and  the  error  in  size  measurement 
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will  increase  as  reported  by  Tassin  and  Nikitopoulos 
(1995). 

With  these  restrictions  in  mind  Bischof  et  al. 
(1994)  applied  PDA  for  the  analysis  of  coalescence 
behaviour  and  mass  transfer  in  a  bubble  column 
aerated  with  fine  bubbles  with  a  size  spectrum  between 
100  and  1000  pm.  From  the  measured  bubble  size 
distributions  and  the  resulting  mean  diameters 
determined  along  the  column  it  was  found  that  the 
bubble  size  increases  considerably  within  the  first  100 
mm  above  the  aerator.  This  was  due  to  bubble 
coalescence.  It  was  shown  that  surface  active 
substances  can  effectively  reduce  coalescence  and 
thereby  enhance  mass  transfer  (Bischof  et  al.  1994). 

The  performance  of  PDA  for  measurements  of 
bubble  size  was  recently  analysed  by  Hardalupas  et  al. 
(1995)  using  geometrical  optics.  It  was  shown  that  a 
linear  response  curve  can  be  obtained  only  when 
reflected  light  dominates,  i.e.  at  collection  angles 
between  70°  and  80°.  Moreover,  the  effect  of  the 
Gaussian  beam  was  investigated. 

The  present  study  is  related  to  the  examination 
of  the  hydrodynamics  in  a  bubble  column  aerated  by 
fine  bubbles.  PDA  is  applied  for  a  simultaneous 
measurement  of  the  velocities  of  both  phases  and  for 
the  determination  of  the  local  bubble  size  distribution. 


TEST  FACILITY 

The  bubble  column  used  in  the  investigations 
has  a  diameter  of  140  mm  and  a  height  of  800  mm  (i.e. 
water  level  in  the  column).  In  order  to  reduce 
refraction  effects  at  the  curved  wall,  the  bubble 
column  is  placed  in  a  square  vessel  which  also  is  filled 
with  tab  water.  The  aerator  is  build  using  a  porous 
membrane  with  a  pore  size  of  0.7  pm.  In  order  to  fix 
the  membrane  it  is  mounted  between  two  perforated 
plates,  which  are  screwed  on  top  of  a  small  stagnation 
chamber.  The  aerator  is  connected  via  a  flow  meter  to 
a  pressurised  air  supply  system.  Once  the  aerator  is 
pressurised  the  membrane  bulges  and  small  bubbles 
are  produced  at  the  holes  of  the  perforated  plate  so 
that  a  homogeneous  aeration  is  established  over  the 
cross-section  of  the  aerator  with  a  diameter  of  100 
mm.  The  gas  flow  rate  was  varied  by  increasing  the 
supply  pressure.  As  a  result  of  the  stronger  bulging  of 
the  membrane  at  higher  pressures  also  the  bubble  size 
was  slightly  increased  with  gas  flow  rate. 
Measurements  were  performed  up  to  a  gas  hold-up  of 
about  4  %  and  the  established  bubble  size  spectrum 
was  in  the  range  between  0.3  and  1 .5  mm.  In  order  to 
reduce  bubble  coalescence  propanol  was  added  to  the 
tap  water  at  a  volume  concentration  of  0.004%. 


Fig.  1  Schematics  of  the  test  facility  with  bubble 
column  and  PDA-System 


PDA-SYSTEM 

A  two-component  fibre  optics  PDA  (Dantec, 
Fiber-PDA)  was  used  to  measure  bubble  size  and 
velocities,  but  also  the  continuous  phase  velocities. 
The  transmitting  and  receiving  optics  modules  were 
mounted  on  a  computer  controlled  3-d  traversing 
system.  This  allowed  fully  automated  measurements  of 
cross-sectional  profiles  at  different  heights  above  the 
aerator.  The  profiles  were  measured  in  the  direction  of 
the  optical  axis  of  the  transmitting  optics.  As  a  result, 
the  optical  path  length  of  the  laser  beams  in  the  water 
changes  when  scanning  a  profile.  This  results  in  a  shift 
of  the  beam  crossing  location  and  hence  the 
measurement  volume.  In  order  to  compensate  for  this 
effect,  the  receiving  optics  was  automatically  moved  in 
the  horizontal  direction  in  order  to  ensure  that  the 
optical  axis  always  intersects  with  the  centre  of  the 
measurement  volume.  The  optical  path  length  of  the 
scattered  light  remains  constant  since  the  bubble 
column  is  placed  in  a  square  vessel. 

Bubble  size  measurements  are  preferably 
performed  at  scattering  angles  between  70°  and  90° 
since  in  this  range  reflected  light  is  dominant  and  the 
scattering  intensity  shows  a  local  maximum  for  both 
perpendicular  and  parallel  polarisation  (Tassin  and 
Nikitopoulos  1995,  Crowe  et  al.  1998).  In  the  present 
studies  perpendicular  polarisation  was  selected.  Mie 
calculations  of  the  phase  size  relations  for  different 
scattering  angles  (i.e.  50,  70  and  90°)  show  fairly 
linear  curves  for  all  the  considered  scattering  angles 
(Fig.  2).  However,  at  50°  the  Mie  result  does  not  agree 
with  geometrical  optics  (GO)  which  is  the  result  of  the 
interference  between  reflection  and  refraction. 
Although  a  linear  phase-size  relation  is  found  at  90°, 
this  scattering  angle  is  not  appropriate  for  the  tracer 
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measurements  as  will  be  demonstrated  below. 
Therefore,  a  scattering  angle  of  70°  was  selected  for 
the  present  studies.  The  optical  configuration  of  the 
PDA  system  was  selected  in  such  a  way  to  allow 
bubble  size  measurements  up  to  2.0  mm  by  using  mask 
C  in  the  receiver  (Table  1). 


•  The  scattering  intensity  should  be  high  enough  so 
that  the  tracer  signals  are  detected  with  a 
sufficiently  high  data  rate. 

•  The  size  distribution  measured  for  the  tracer 
particles  should  be  well  separated  from  that  of  the 
bubbles  in  order  to  allow  discrimination  of  bubble 
and  tracer  measurements  based  on  size. 

The  latter  requires  that  also  for  the  tracer 
particles  reflected  light  is  dominant  at  a  scattering 
angle  of  70°.  In  preliminary  studies  several  seed 
particles  were  examined.  The  properties  of  these 
particles  are  summarised  in  Table  2.  The  metal  coated 
glass  beads  had  relatively  low  scattering  intensities 
due  to  their  small  size  and  their  relatively  high  density 
results  in  sedimentation  after  some  time.  More  suitable 
for  the  considered  application  were  the  Polyamid  and 
Vestosint  particles  which  have  nominal  diameters  of 
around  50  pm  and  a  density  close  to  that  of  the  water. 
Both  kind  of  particles  have  a  refractive  index  of 
around  1.5  which  yields  a  rather  low  relative  refractive 
index  of  1.132. 


Fig.  2  Mie  calculations  of  phase-size  relations  for 
several  scattering  angles  and  air  bubbles  in  water 
(relative  refractive  index  m  =  0.75) 


Focal  length  transmitting  lens 

500  mm 

Initial  beam  separation 

38  mm 

Wavelength  for  velocity  component  U 

514.5  nm 

Wavelength  for  velocity  component  V 

488  nm 

Gaussian  beam  diameter 

1.35  mm 

Fringe  spacing  U-component 

6.77pm 

Fringe  spacing  V-component 

6.43  pm 

Length  of  probe  volume  U-component 

8.52  mm 

Length  of  probe  volume  V-component 

8.08  mm 

Diameter  of  probe  volume  U-component 

0.243  mm 

Diameter  of  probe  volume  V-component 

0.230  mm 

Receiver  orientation 

70° 

Focal  length  of  receiving  lens 

400  mm 

Polarisation  angle 

90° 

Spatial  filter 

100  pm 

Effective  length  of  imaged  probe  volume 

126  pm 

Table  1  Optical  parameters  of  the  PDA-system 

For  allowing  simultaneous  measurements  of 
bubbles  and  liquid  phase  velocities  small  tracer 
particles  were  added  to  the  liquid.  The  tracer  particles 
need  to  fulfil  the  following  requirements: 

•  The  particles  must  be  small  and  light  enough  to 
follow  the  turbulent  fluctuations  of  the  liquid 
phase. 


Seed 

Particles 

Nominal 
Size  [pm] 

Measured 
Size  [pm] 

Density 

[g/m3] 

Coated 
glass  beads 

4 

40 

2.5 

Polyamid 

50 

65 

1.06 

Vestosint 

70 

55 

1.06 

Table  2  Properties  of  seed  particles 

In  order  to  assess  the  performance  of  the  PDA 
in  sizing  these  tracer  particles,  several  Mie 
calculations  were  performed.  In  Fig.  3  the  phase  is 
plotted  versus  scattering  angle  with  the  particle  size  as 
a  parameter.  It  is  obvious  that  below  55°  no  accurate 
size  measurements  are  possible  due  to  interference 
between  refraction  and  reflection  (i.e.  the  phase 
changes  from  negative  to  positive  values  with 
increasing  particle  size).  However,  between  60°  and 
85°  reflection  seems  to  be  dominant.  This  is  also 
revealed  by  plotting  the  phase  as  a  function  of  particle 
size  for  the  selected  scattering  angle  of  70°  (Fig.  4). 
Stronger  fluctuations  in  the  phase-size  relation  are 
observed  up  to  particle  diameters  of  about  60  pm.  For 
larger  particles  a  fairly  linear  relation  is  obtained. 
Since  the  seed  particles  are  only  used  as  an  indicator 
for  the  fluid  phase,  accurate  size  measurements  are  not 
anticipated  and  the  fluctuations  should  not  cause 
serious  problems. 

In  order  to  confirm  whether  the  seed  particles 
are  appropriate  for  the  desired  application,  separate 
size  measurements  were  performed  by  dispersing  the 
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particles  in  water  using  a  small  stirred  vessel.  The 
measured  size  distribution  is  shown  in  Fig.  5  for  the 
Polyamid  and  Vestosint  particles.  The  size  spectrum  of 
the  Polyamid  particles  ranges  up  to  about  150  pm  and 
the  number  mean  diameter  was  found  to  be  65  pm. 
Although  the  Vestosint  particles  are  non-spherical  the 
measured  size  distribution  is  fairly  narrow  and  a 
number  mean  diameter  of  55  pm  is  obtained. 
Therefore,  both  seed  materials  are  appropriate  for  the 
application  in  bubbly  flows. 


Fig.  3  Variation  of  phase  with  scattering  angle  for 
several  particle  sizes,  Mie  calculation  (m  = 
1.132) 


Fig.  4  Phase-size  relation  for  a  scattering  angle  of  70° 
for  solid  particles  in  water  (m  =  1.132), 
comparison  of  Mie  calculations  and 
geometrical  optics 


Fig.  5  Particle  size  distribution  measured  in  water, 
upper  figure:  Polyamid  particles,  lower  figure: 
Vestosint  particles 

A  typical  measurement  of  the  combined  size 
distribution  of  seed  particles  and  bubbles  is  shown  in 
Fig.  6.  Between  about  200  and  300  pm  a  clear  gap  is 
observed,  so  that  a  separation  of  tracer  and  bubble 
measurements  should  be  possible.  In  order  to  obtain 
the  velocities  of  both  phases  and  to  determine  bubble 
mean  diameters  the  collected  data  had  to  be  re¬ 
processed  after  the  measurement.  The  liquid  phase 
velocities  were  obtained  from  all  the  signals  with  a 
diameter  less  than  150  pm  and  all  signals  which  give  a 
size  above  300  pm  were  considered  as  originating 
from  bubbles.  By  statistical  averaging  both  sets  of  data 
the  mean  velocities  and  the  fluctuating  components  of 
both  phases  were  obtained.  For  velocity  bias 
correction  the  residence  time  method  was  used. 

In  order  to  collect  more  scattered  light  from  the 
seed  particles,  the  measurements  of  the  fluid  phase 
velocities  in  the  bubbly  flow  was  performed  using 
mask  A  in  the  receiving  optics  which  has  a  larger 
aperture.  The  bubble  phase  properties  were  obtained 
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by  repeating  the  measurements  using  mask  C  in  the 
receiving  optics. 


particle  diameter,  pm 


Fig.  6  Typical  measurement  of  the  combined  size 
distribution  of  seed  particles  (Polyamid)  and 
bubbles. 

The  turbulent  kinetic  energy  of  the  continuous 
phase  was  obtained  from  the  fluctuating  components 
in  the  axial  and  tangential  direction  in  the  following 
way: 

k  =  ^p  +  2wr) 

Moreover,  the  data  for  the  seed  particles 
allowed  to  obtain  time  series  without  any  disturbance 
by  bubbles.  Hence,  it  was  also  possible  to  calculate 
one-dimensional  spectra  of  the  turbulent  kinetic 
energy.  For  this  purpose  the  Software  Qquick,  Version 
2.3  developed  by  Nobach  et  al.  (1997)  was  used. 

MEASUREMENTS  IN  THE  BUBBLE  COLUMN 

The  measurement  of  bubble  and  continuous 
phase  properties  for  the  different  flow  conditions  were 
performed  in  four  cross-sections  above  the  aerator  (i.e. 
at  heights  of  30,  100,  300  and  480  mm).  A  summary  of 
the  flow  conditions  considered  in  the  present  study  is 
given  in  Table  3.  Especially  at  higher  gas  hold-up,  it 
was  found  that  the  validation  rate  decreases  with 
increasing  optical  path  length  of  the  transmitting 
beams  in  the  bubble  column.  This  is  associated  with 
disturbances  of  the  light  beams  by  the  bubbles  and  the 
absorption  of  the  light  in  the  with  seed  particles 
contaminated  water.  Therefore,  the  measurements 
were  only  performed  for  half  a  profile  from  the  centre 
towards  the  wall  facing  the  transmitting  optics. 


Air  flow 
rate  fl/h] 

Superficial  gas 
velocity  [cm/s] 

Gas  hold-up 

r%i 

40 

0.072 

0.47 

80 

0.14 

0.68 

160 

0.29 

1.24 

320 

0.58 

2.92 

Table  3  Investigated  flow  conditions 

The  light  absorption  mainly  affects  the  data 
rate  for  the  tracer  measurements,  since  their  scattering 
intensity  is  much  lower  compared  to  that  of  the 
bubbles.  This  effect  is  illustrated  in  Fig.  7,  where 
measured  size  distributions  of  tracer  particles  and 
bubbles  are  shown.  Near  the  wall  (i.e.  r/R  =  0.93)  the 
number  of  collected  and  validated  tracer  signals  is 
much  higher  than  that  of  the  bubbles.  When  moving 
into  the  bubble  column  the  number  of  tracer  signals 
continuously  decreases  and  on  the  centre  line  the 
number  reduces  to  about  50  %.  Profiles  of  the 
resulting  data  rate  for  the  tracer  signals  are  shown  in 
Fig.  8  for  different  gas  hold-up.  The  data  rate 
decreases  from  about  4  to  7  Hz  near  the  wall  to  around 
2  Hz  on  the  centre  line.  With  increasing  gas  hold-up 
the  data  rate  should  be  decreasing.  Since  however  the 
data  were  collected  during  different  measurement 
series,  the  concentration  of  the  seed  particles  may  have 
varied  so  that  this  trend  is  not  obvious  from  Fig.  8. 

The  effect  of  air  flow  rate  and  gas  hold-up  on 
the  hydrodynamics  in  the  bubble  column  is  discussed 
in  the  following  section  by  considering  the 
measurements  performed  480  mm  above  the  aerator, 
where  an  almost  developed  flow  is  established.  The 
required  higher  aeration  pressure  for  producing  higher 
air  flow  rates  causes  an  increase  of  the  bubble  number 
mean  diameter  near  the  centre  line  of  the  bubble 
column  from  670  to  930  pm  (Fig.  9).  Towards  the  wall 
the  bubble  size  slightly  increases  for  the  low  gas  hold¬ 
up.  For  the  higher  gas  flow  rates  the  bubble  diameter 
decreases  to  a  minimum  at  r/R  ~  0.75  and  then 
increases  again  towards  the  wall.  This  observation 
seems  to  be  associated  with  a  transverse  migration  of 
bubbles  due  to  lift  forces. 

The  increase  of  bubble  size  with  flow  rate  is 
also  associated  with  an  increase  in  both  the  absolute 
bubble  rise  velocity  (Fig.  10)  and  the  liquid  velocity  in 
the  core  region  of  the  bubble  column  (Fig.  11).  The 
bubble  velocity  is  almost  constant  up  to  the  wall  for 
the  low  gas  hold-up  of  0.47  and  0.68  %.  For  the  higher 
gas  flow  rates  it  decreases  slightly  from  the  centre  line 
to  the  wall.  Close  to  the  wall  a  maximum  in  the  bubble 
velocity  is  observed  before  it  drops  down  at  the  wall. 
The  vertical  component  of  the  liquid  mean  velocity  is 
much  lower  than  the  bubble  mean  velocity.  Except  for 
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the  lowest  gas  flow  rate,  the  liquid  velocity  shows  the 
highest  values  in  the  core  region.  With  increasing  air 
flow  rate  a  stronger  upward  flow  is  induced  by  the 
bubble  rise.  Near  the  wall  (i.e.  between  r/R  =  0.85  and 
1 .0)  the  liquid  velocity  is  close  to  zero. 
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Fig.  9  Profiles  of  the  bubble  number  mean  diameter 
for  different  gas  hold-up  480  mm  above  the 
aerator 


Fig.  7  Combined  size  distributions  of  tracer  and 
bubbles  collected  at  different  radial  positions 
(gas  hold-up  2.95  %) 


r/R 


Fig.  8  Profiles  of  the  data  rate  obtained  for  tracer 
particles  (Polyamid)  for  different  gas  hold-up, 
480  mm  above  the  aerator 


Fig.  10  Profiles  of  the  vertical  component  of  bubble 
mean  velocity  for  different  gas  hold-up  (z  = 
480  mm) 


r/R 

Fig.  1 1  Profiles  of  the  vertical  component  of  the  liquid 
mean  velocity  for  different  gas  hold-up  (z= 
480  mm) 
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Fig.  12  Size-Velocity  correlation  for  seed  particles  and 
bubbles  (gas  hold-up:  1 .24  %,z-  480  mm,  r/R 
=  0.57) 


Fig.  13  Vertical  component  of  the  slip  velocity  for 
different  gas  hold-up  (z  =  480  mm) 

The  bubble  slip  velocity  was  calculated  as  the 
difference  of  the  mean  velocities  of  bubbles  and 
tracers.  A  typical  result  for  the  size-velocity 
correlation  (Fig.  12)  shows  again  a  clear  separation 
between  seed  particles  and  bubbles.  The  velocities  of 
the  seed  particles  cover  almost  the  entire  range  of 
bubble  velocities,  i.e.  are  found  between  -0.05  m/s 
and  0.4  m/s,  but  are  mainly  clustered  between  -0.05 
and  0.1  m/s.  Also  the  bubbles  show  two  distinct 
clusters  with  velocities  around  0.1  m/s  and  0.3  m/s. 
This  shows  clearly  the  dragging  of  the  fluid  by  the 
bubbles. 

The  shape  of  the  slip  velocity  profiles  is  very 
similar  to  those  of  the  absolute  bubble  velocity,  since 
the  liquid  velocity  is  very  low  (Fig.  13).  The  slip 
velocity  is  almost  constant  over  the  entire  cross- 
section  of  the  bubble  column  except  for  the  highest  gas 
flow  rates  in  the  near  wall  region. 


The  comparison  of  the  measured  slip  velocity 
with  the  terminal  rise  velocity  of  single  bubbles  for 
contaminated  water  (see  Clift  et  al.  1978)  reveals  that 
the  measured  values  are  considerably  larger  (Fig.  14). 
Note  that  the  measured  slip  velocity  is  an  average 
value  over  the  entire  cross-section  480  mm  above  the 
aerator.  The  difference  between  measured  slip  velocity 
and  single  bubble  rise  velocity  increases  with  gas 
hold-up.  This  effect  is  associated  with  swarm  effects, 
i.e.  the  hydrodynamic  interaction  between  bubbles.  It 
is  expected  that  the  bubbles  are  entrained  in  the  wakes 
of  preceding  bubbles  causing  a  dragging  effect. 


Fig.  14  Variation  of  measured  averaged  bubble  and 
slip  velocity  (480  mm  above  the  aerator)  with 
gas  hold-up  and  comparison  with  the  terminal 
velocity  of  single  bubbles  (Clift  et  al.  1978). 

The  turbulent  kinetic  energy  of  the  liquid  phase  is 
increasing  with  gas  hold-up.  A  drastic  increase  is 
observed  from  the  lowest  gas  hold-up  of  0.47%  to  the 
next  higher  value  of  0.68%  (Fig.  15).  For  these  two 
cases  the  bubble  Reynolds  number  based  on  the 
average  slip  velocity  increases  from  70  to  143,  so  that 
the  wake  generated  turbulence  should  have  a 
considerable  contribution.  However,  also  the  liquid 
velocity  and  the  shear  gradients  increase  considerably 
from  the  lowest  gas  flow  rate  to  the  higher  values, 
which  also  contributes  to  the  production  of  turbulent 
kinetic  energy. 

The  turbulence  structure  in  a  bubble  column  was 
further  analysed  by  considering  the  one-dimensional 
spectra  of  turbulence  for  different  gas  hold-up  (Fig. 
16).  For  these  measurements  it  was  necessary  to 
sample  more  than  10,000  tracer  signals.  The  slope  in 
the  high  frequency  range  (i.e.  between  1  and  100  Hz) 
corresponds  roughly  to  that  in  the  inertial  range  of 
single-phase  flows.  The  increase  of  gas  hold-up  results 
in  an  increase  of  the  spectral  density  over  the  entire 
frequency  range  which  is  not  observed  in  other  types 
of  two-phase  flows.  In  grid  turbulence  for  example, 
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Lance  and  Bataille  (1991)  found  a  decrease  of  the 
power  spectrum  in  the  low  frequency  range  and  an 
increase  in  the  high  frequency  range.  It  is  argued  that 
this  is  the  result  of  wake  generated  turbulence.  Further 
measurements  for  different  bubble  sizes  are  required 
to  allow  a  better  interpretation  of  these  effects. 


Fig.  15  Turbulent  kinetic  energy  of  the  liquid  phase 
for  different  gas  hold-up  (z  =  480  mm) 


Fig.  16  One-dimensional  spectra  of  turbulence  versus 
frequency  of  fluctuation  for  different  gas  hold¬ 
up  480  mm  above  the  aerator 

CONCLUSIONS 

An  experimental  study  of  the  hydrodynamics  in  a 
bubble  column  was  performed  using  phase-Doppler 
anemometry.  Mie  calculations  were  performed  to 
select  the  optimum  configuration  of  the  PDA  for 
simultaneous  measurements  of  seed  particles  and 
bubbles.  At  a  scattering  angle  of  70°,  reflection  was 
found  to  be  dominant  for  tracer  and  bubbles  resulting 
in  fairly  linear  phase-size  relations.  It  was 
demonstrated  that  a  proper  discrimination  of  tracer  and 
bubble  signal  based  on  size  measurement  was 
possible.  Light  absorption  in  the  bubble  column 


however  results  in  a  considerable  decrease  of  the  data 
rate  when  moving  the  measurement  volume  deeper 
into  the  bubble  column. 

Simultaneous  measurements  of  bubble  and 
liquid  phase  velocities  revealed  that  the  slip  velocity 
between  the  phases  is  increasing  with  gas  hold-up  and 
is  larger  than  the  terminal  velocity  of  single  bubbles. 
Moreover,  the  continuous  phase  turbulence  is 
enhanced  with  increasing  gas  hold-up  and  bubble  size. 
The  degree  to  what  extent  the  bubble  wakes  contribute 
to  the  turbulence  level  needs  further  analysis. 
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ABSTRACT 

In  this  paper  the  time  history  of  a  vapor 
bubble  growing  from  a  cavity  on  a  uniformly  heated 
surface  is  examined  using  Phase-Doppler 
Anemometry  (PDA).  Advances  in  light  scattering 
instrumentation  have  made  it  possible  to  record  in 
real-time  the  evolution  of  a  bubble  as  a  function  of 
time  shortly  after  nucleation.  PDA  allows  for  reliable 
measurements  of  spherical  particles  down  to  the  order 
of  the  wavelength  of  the  light  source  used  (Saffman  et 
al,  1984).  Utilizing  a  specialized  signal  processor, 
bubble  growth  histories  were  recorded  under 
atmospheric  pressure  for  water  at  both  saturation  and 
subcooled  temperatures.  To  substantiate  the  use  of 
PDA  and  to  quantify  the  contribution  of  scattering 
from  a  conductive  surface,  light  scattering  analysis 
using  the  Generalized  Lorenz-Mie  theory  was 
employed. 

It  was  found  for  a  given  optical 
configuration  that  the  dynamic  range  of  the 
instrumentation  allowed  for  measurements  of  bubbles 
from  10  to  540  microns,  below  that  currently  possible 
by  photographic  techniques.  Bubble  growth  records 
were  recorded  for  steps  of  heat  flux  from  300,000  to 
700,000  Watts  /  m2.  Measurements  were  carried  out 
at  several  locations  on  the  heat  source  to  confirm 
results.  Averaged  bubble  growth  histories  compared 
favorably  with  earlier  bubble  growth  models  utilizing 
bubble  waiting  time,  which  was  subsequently 
determined  using  PDA. 

INTRODUCTION 

In  boiling  heat  transfer,  the  average  rate  at 
which  a  bubble  attached  to  heated  surface  grows  can 
be  used  to  estimate  the  overall  heat  transfer  rate  from 
the  surface  to  the  surrounding  liquid.  Having  a 
detailed  time  history  of  an  individual  bubble  can  also 
provide  insight  to  the  dynamic  and  complex  processes 
of  boiling  which  have,  since  the  early  part  of  this 
century,  intrigued  both  scientists  and  engineers  alike. 


Boiling  itself  is  a  common  phenomena  found  in  many 
aspects  of  industry  where  phase  transition  takes  place, 
such  as  in  nuclear  reactors,  chemical  production 
facilities  and  heat  exchangers.  In  today’s  electronic 
world  boiling  heat  transfer  has  become  connected 
with  the  dissipation  of  energy  from  large  integrated 
chips  (VLSI’s)  in  super  computers.  Unfortunately,  a 
comprehensive  theory  of  boiling,  one  which  can 
model  the  entire  boiling  process  from  the  onset  of 
nucleation  to  detachment,  and  which  can  predict  the 
heat  transfer  rate  from  a  solid  interface  to  a  liquid, 
does  not  exist.  Due  to  the  unusually  complex 
geometrical,  thermal,  and  dynamic  character  of 
bubble  growth,  the  possibility  that  a  suitable 
mathematical  model  can  be  developed  seems 
unlikely.  During  the  1950’s  and  1960’s,  a  large 
number  of  investigations  were  engaged  in  identifying 
and  characterizing  the  principal  processes  related  to 
boiling  heat  transfer.  While  no  satisfactory  complete 
theory  emerged,  a  number  of  investigations  cast  light 
on  aspects  of  boiling  that  were  of  increasing  industrial 
importance. 

As  in  any  other  theory  of  science,  a  theory 
on  boiling  must  be  substantiated  by  direct  physical 
evidence.  In  the  case  of  boiling  heat  transfer,  this  was 
usually  accomplished  by  direct  visualization,  either 
by  pure  high-speed  photographic  techniques  (Vogel 
et  al,  1989)  or  high-speed  film  techniques  in 
combination  with  CCD  technology  (Harvey  et  al, 
1996).  During  an  experimental  run  the  image  history 
of  a  bubble  is  recorded  and  compiled,  detailing  the 
bubble  geometry  from  shortly  after  nucleation  on 
through  to  detachment.  The  number  of  images 
captured  would  depend  on  the  frequency  rate  of 
bubbles  produced  and  the  maximum  frame  rate  of  the 
camera.  The  sequence  of  images  stored  would  then 
require  extensive  post-processing  to  determine  the 
bubble  dimensions  so  as  to  extract  the  growth  rate.  Of 
great  interest  to  investigators  is  the  period 
immediately  following  nucleation,  labeled  in  the 
literature  as  the  initial  growth  period.  Investigators 
have  come  to  within  100  microseconds  using 
conventional  high-speed  photography,  and  nearly  10 
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microseconds  using  streak  photography  (Sernas  and 
Hooper,  1969). 

The  typical  spatial  resolution  of 
photographic  techniques  is  on  the  order  of  a  few 
hundred  micrometers.  The  data  sampling  rate  that  can 
be  maintained  at  this  resolution  is  approximately 
5,000-6,000  frames/s,  though  some  cameras  can 
operate  up  to  14,000  frame/s.  However,  the 
uncertainty  in  time  is  directly  related  to  the  maximum 
frame  rate.  At  5,000  ffame/s,  two  frames  are 
separated  by  a  time  interval  of  200  microseconds,  at 
14,000  ffame/s,  70  microseconds. 

To  make  the  bubbles  large  enough  to  satisfy 
the  resolution  of  the  photographic  medium, 
investigators  often  lowered  the  pressure  in  the  test 
section  to  10-20  %  of  an  atmosphere.  Reducing  the 
surrounding  pressure  had  the  effect  of  reducing  the 
force  of  buoyancy  and  the  required  superheat  to 
initiate  boiling,  that  is,  a  bubble  will  grow  to  a  much 
larger  size  and  exist  longer  before  detaching,  thus 
making  it  easier  to  record.  The  disadvantage  of  this 
technique  is  that  one  cannot  make  accurate 
measurements  on  smaller  scale  bubbles,  those  often 
found  in  experiments  running  at  atmospheric  and 
higher  pressures,  where  bubbles  will  detach  at  sizes 
on  the  order  of  1-2  millimeters  .  Photographic 
techniques  are  used  primarily  for  conveying  spatial 
information  and  do  not  have  the  dynamic  temporal 
response  characteristic  of  point-based  measurement 
systems,  such  as  those  found  in  laser  Doppler 
systems. 

The  present  study  aims  to  present  a 
technique  utilizing  the  special  light  scattering 
properties  of  a  bubble  illuminated  by  a  laser  light 
source  to  determine  accurately  the  growth  rate  of 
individual  bubbles  under  a  variety  of  conditions.  The 
resolution  of  PDA  is  of  the  order  of  the  wavelength, 
which  implies  measurements  of  bubbles  as  small  as  a 
micron.  Though  typical  cavity  sizes  are  said  to  range 
from  20-50  microns,  the  PDA  instrument  can  be  used 
to  measure  bubbles  reliably  that  are  smaller,  perhaps 
providing  insight  to  little  known  boiling  processes. 
PDA  is  a  non-intrusive  technique  that  can  operate 
under  noisy  conditions,  permitting  measurement  of 
particles  immersed  in  complex  flows. 

Due  to  the  complicated  nature  of  boiling,  the 
interaction  of  neighboring  bubbles  and  the  convection 
of  fluid  in  the  region  of  highest  activity,  the  resulting 
measurements  were  often  obtained  by  overlapping 
growth  curves  from  bubbles  issuing  from  the  same 
cavity.  If  it  is  assumed  that  the  heat  flux  is  uniform 
and  that  bubbles  grow  with  reasonable  regularity  from 
cavities  on  the  heat  source  surface,  data  from  separate 
bubbles  should  fall  onto  predictable  curves.  Knowing 


the  average  surface  temperature  and  the  liquid 
superheat  temperature  at  the  surface,  as  well  as  the 
values  of  the  physical  properties  of  water,  the 
measured  average  heat  flux  can  be  related  to  the 
actual  measured  growth  rate  and  compared  against 
known  bubble  growth  models  . 

DESCRIPTION  OF  EXPERIMENT 

To  facilitate  observation  and  measurement 
of  growing  bubbles  a  test  facility  was  constructed 
consisting  of  a  small  copper  heat  source  embedded 
within  a  glass  silica  insulator,  as  shown  in  Figure  1. 
On  the  backside  of  the  heat  source  several  layers  of 
ceramic  insulation  were  bonded  and  then  encased  in 
silicon  gel  to  limit  heat  loss.  Insulated  thermocouple 
heating  wire  was  woven  into  the  etched  base  of  the 
heat  source  to  provide  a  reasonably  uniform 
temperature  distribution  along  the  surface. 


Fig.  1  Perspective  of  test  section  and  thermocouples. 
The  four  thermocouples  on  the  left  measure  heat 
source  surface  temperature,  the  remaining 
thermocouple  measures  the  superheat  temperature. 

Several  thermocouples  placed  at  different 
locations  at  0.13  mm  beneath  the  surface  were  used  to 
monitor  temperature  gradients.  An  additional 
thermocouple  was  placed  on  the  surface  of  the 
insulation  plate  adjacent  to  the  heat  source,  to 
measure  the  local  superheat  temperature.  To  remove 
impurities  and  inert  gasses  from  within  cavities  at  the 
surface  of  the  heat  source,  the  system  was  degassed 
for  several  hours  prior  to  measurement  as  the  test 
liquids  were  brought  to  their  saturation  temperatures. 
The  entire  assembly  was  placed  on  a  traversing 
mechanism  that  allowed  movement  in  x,y  and  z 
directions.  The  movement  of  the  test  facility  during 
measurements  was  governed  by  micrometers  that 
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permitted  accurate  displacements  of  position  to  within 
1  micron.  The  sides  of  the  assembly  were  constructed 
of  optical  glass  to  limit  distortion,  and  the  top  was  left 
open  to  allow  free  evaporation  of  the  fluid. 

The  measurement  hardware  consisted  of  a 
Dantec  57N10  PDA  processor  utilizing  FiberFlow 
fiber  optics  components.  Due  to  the  presence  of  the 
heat  source  the  typical  PDA  optical  bench 
configuration  was  tilted  upright  90  degrees  such  that 
the  receiver  was  mounted  vertically  above  the  test 
facility,  as  in  Figure  2.  In  this  way  the  plane  of 
intersection  of  the  laser  beams  was  parallel  with  the 
heat  source  surface,  reducing  the  possibility  of 
accumulating  additional  scattering  energy  from  the 
heat  source.  The  light  source  used  was  a  300  mW  Ar- 
Ion  laser  coupled  to  a  Dantec  transmitter.  The 
transmitter  houses  a  Bragg  cell  that  shifts  one  of  the 
beams  by  40  MHz  so  as  to  remove  any  directional 
ambiguity.  Fiber  optics  facilitates  the  manipulation  of 
the  measurement  volume  within  the  test  section.  An 
ordinary  lab  microscope  was  used  as  an  aid  in 
identifying  boiling  sites  suitable  for  measurement.  To 
ensure  good  signal  quality  a  digital  oscilloscope  was 
attached  to  the  Doppler  signal-out  connector  of  the 
processor.  After  identification  of  a  suitable  boiling 
site  the  test  section  micrometers  were  adjusted  to  fine 
tune  the  signal  quality. 


Fig.  2.  Layout  of  experimental  setup  showing 
transmitting  and  receiving  optics,  microscope,  signal 
processor,  test  section  and  PC. 

The  basic  operation  of  the  PDA  processor 
requires  the  signal  from  a  single  particle  passing 
through  the  LDA  probe  measurement  volume  to 
satisfy  certain  threshold  requirements.  A  stationary 
bubble  does  not  create  the  characteristic  Doppler 
burst  signal  created  by  a  moving  particle,  but  rather  a 
continuous  modulated  signal  that  increases  in 
amplitude.  To  measure  phase  as  a  function  of  time  for 
an  envelope  whose  amplitude  increases  the  burst 


detector  needed  to  be  externally  triggered.  This  was 
accomplished  by  using  an  external  50  kHz  clock 
source.  The  timescales  involved  with  bubble  growth 
from  nucleation  on  to  departure  are  typically  on  the 
order  of  1-2  milliseconds,  therefore  for  each  bubble  at 
least  40-50  measurements  are  possible. 

When  distilled  water  is  used  at  STP 
conditions  the  expected  bubble  departure  size  is 
approximately  1  mm.  An  important  factor  in 
considering  PDA  measurements  is  the  amplitude  of 
the  input  signal.  Scattered  light  signals  are  detected 
by  photomultipliers  (PMs)  whose  sensitivity  is 
dependent  on  the  input  driving  voltage  and  the 
intensity  of  the  scattered  light.  For  particles  larger 
than  the  wavelength  of  the  light,  the  amplitude  of 
intensity  of  scattered  light  varies  with  the  particle 
diameter  squared.  This  places  a  limit  on  the  driving 
current  of  the  photomultiplier,  and  improper  setting 
of  gain  will  produce  clipped  signals,  retarding  the 
measurement  quality.  The  dynamic  range  of  the 
instrument  is  1:50,  that  is,  if  one  adjusts  the  gain  to 
measure  at  minimum  a  1  micron  particle,  then  the 
maximum  particle  size  that  can  be  accepted  by  the 
instrument  will  be  50  microns  before  signal  clipping 
occurs. 

Another  determining  factor  in  the 
measurement  is  the  dimension  of  the  transmitting  and 
receiving  optics.  Short  focal  lengths  for  both  the 
transmitting  and  collection  optics  reduce  the  probe 
measurement  size  and  increase  the  size  resolution, 
but  limit  the  maximum  measurable  size.  Likewise 
increasing  the  focal  lengths  and  reducing  the  half¬ 
angle  spacing  of  the  transmitting  beams  increases  the 
maximum  bubble  size  that  can  be  measured.  As 
indicated  in  the  tables  below,  500  mm  and  310  mm 
focal  lengths  were  used  for  the  transmitting  and 
receiving  optics,  respectively.  With  a  beam  spacing 
of  30  mm  and  a  beam  diameter  of  1.4  mm,  this 
configuration  produces  an  ellipsoidal  probe 
measurement  volume  that  is  10.4  mm  long  and  0.23 
mm  in  diameter.  The  maximum  measurable  particle 
for  this  optical  configuration  is  530  microns. 


Gaussian  beam  diameter 

1.4  mm 

Beam  separation 

30  mm 

Focal  length 

500  mm 

Fringe  spacing 

8.6  um 

Number  of  fringes 

27 

Probe  volume  dimension  in  X 

0.23  mm 

Probe  volume  dimension  in  Y 

0.23  mm 

Probe  volume  dimension  in  Z 

10.4  mm 
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Table  1.  Setup  of  transmitting  optics. 


Scattering  angle 

72  degrees 

Focal  length 

310  mm 

Particle/medium 
refractive  index 

1.0/1.334 

Maximum  diameter 

530  um 

Table  2.  Setup  of  receiving  optics. 

The  selection  of  the  scattering  angle  for  the 
receiving  optics  requires  careful  thought.  In  the  near¬ 
forward  region  both  reflection  and  refraction 
contribute  to  the  scattering  of  light.  As  one  moves  to 
the  side-scatter  region  (>  60  degrees)  the  refracted 
component  of  the  scattering  intensity  drops 
dramatically.  With  perpendicular  polarization  there  is 
still  a  contribution  from  the  second  order  scattering, 
therefore,  the  best  results  for  reflection  are  obtained 
with  parallel  polarization. 

To  obtain  the  best  possible  records  of  bubble 
growth  the  gain  of  the  PDA  processor  was  adjusted  so 
that  the  optimum  size  range  could  be  established. 
Gain  is  controlled  by  adjusting  the  high  voltage 
supplied  to  the  photomultipliers.  With  the  optical 
configuration  giving  530  um  as  a  maximum  and 
taking  the  dynamic  range  of  the  processor  into 
account,  the  lower  bound  on  measurable  particle  size 
would  be  10  microns.  Although  the  maximum 
diameter  is  less  than  the  expected  departure  diameter, 
this  range  was  selected  because  longer  focal  lengths 
would  have  made  bubble  measurement  difficult  due 
to  the  resulting  increase  in  the  probe  measurement 
volume  size. 

The  setup  and  control  of  data  acquisition 
was  controlled  by  a  commercially  available 
application  software  called  SIZEware,  written  by  the 
author  and  released  by  Dantec.  Though  designed 
specifically  for  PDA  measurements,  the  software 
could  also  acquire  data  from  the  processor  while 
externally  triggered.  SIZEware  contains  numerous 
routines  for  the  calibration  of  the  processor,  data 
acquisition,  data  processing  as  well  as  presentation. 
For  the  purposes  of  this  paper  the  software  was  used 
to  control  acquisition  and  raw  data  processing.  To 
post-process  the  raw  acquired  data  and  analyze  the 
growth  of  bubbles  an  additional  software  program 
called  BubbleGrowth  was  created. 

MEASUREMENT  PROCEDURE 

The  entire  measurement  process  begins  with 
the  polishing  and  cleaning  of  the  copper  heat  source 
surface.  This  is  followed  by  1-2  hours  of  degassing  of 


the  heat  source  and  bulk  liquid.  Once  the 
thermocouple  measuring  the  liquid  temperature  at  the 
surface  registered  a  superheat  in  excess  of  4  deg  C  the 
surface  would  begin  to  populate  with  slowly  growing 
bubbles.  With  the  superheat  raised  to  7-8  deg  C  the 
bubbles  would  begin  to  issue  regularly  from  specific 
sites.  Eventually  the  surface  becomes  dense  with 
activity,  requiring  the  use  of  a  microscope  to  aid  in 
finding  a  suitable  site.  The  location  of  a  site  is 
accomplished  by  moving  the  measurement  volume 
steadily  over  the  surface,  adjusting  altitude  to 
minimize  reflection  from  the  surface,  as  shown  in 
figure  3.  From  the  eyepiece  on  the  receiving  optics 
unit  one  begins  to  focus  onto  a  site  by  moving  the 
crosshairs  onto  a  bubble.  Bubbles  are  clearly  visible 
in  the  eyepiece,  and  appear  as  blinking  images  under 
the  intense  illumination  of  the  laser  beam.  Once  a  site 
is  established  the  incoming  signal  can  be  evaluated 
and  fine-tuned  with  the  oscilloscope  and  the 
micrometers  beneath  the  test  section. 


Fig.  3.  Alignment  of  the  PDA  measurement  volume 
over  a  suspected  nucleation  site. 

Externally  clocked  at  50  kHz,  the  processor 
is  software  triggered  to  begin  acquiring  data.  For  each 
measurement  100,000  validated  samples  were 
acquired.  This  means  the  processor  and  software 
acquire  data  until  100,000  acceptable  samples  are 
stored.  50-60  %  of  the  incoming  data  is  discarded  due 
to  forced  sampling,  however,  the  remaining  validated 
measurements  each  represent  a  point  on  the  growth 
curve  of  a  bubble. 
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The  processing  of  measurements  requires  the 
careful  screening  of  data.  Noisy,  poorly  resolved 
samples  are  rejected  in  favor  of  samples  showing  a 
high  signal-to-noise  ratio.  Once  the  phase  shifts  are 
validated,  they  are  subjected  to  the  diameter 
sphericity  test. 

Due  to  the  intense  activity  on  the  heat  source 
surface  during  boiling  the  records  often  acquired  are 
incomplete  and  usually  detail  only  a  portion  of  the 
bubble’s  growth  history.  Bubble  growth  is  a 
monotonic  process.  Data  records  from  different 
bubbles  from  the  same  site  can  be  aligned  in 


Fig.  4.  Independent  bubble  histories  are  overlapped 
to  produce  a  characteristic  growth  curve. 

such  a  way  as  to  reveal  the  full  growth  history  of  an 
average  bubble.  Figure  4  illustrates  this  process 
where  records  are  shifted  in  time  so  that  overlapped 
with  one  another  produce  a  single  montonic  curve. 
This  resulting  curve  can  then  be  compared  with  the 
observations  of  other  investigators. 

The  measurements  of  bubble  frequency  and 
concentration  were  carried  at  a  distance  of  one 
millimeter  from  the  surface,  so  that  the  built-in  burst 
detector  could  mark  the  arrival  time  and  transit  time 
of  each  bubble  as  they  passed  through  the  probe 
volume.  The  transit  time  can  be  used  to  determine  the 
void  fraction  or  burst  length  of  the  bubble,  if  one 
considers  purely,  one-dimensional  flow.  Having  the 
burst  length  of  each  bubble  allows  for  the 
determination  of  particle  density  within  a  cubic 
centimeter.  This  particle  density  can  be  used  to 
compare  the  calculated  and  measured  values  of  the 
heat  flux. 

RESULTS 

The  recording  of  bubble  growth  was  carried  out  at 
different  sites  on  the  heat  source  surface.  Due  to  the 
intense  activity  on  the  heat  source  surface  sites  were 
arbitrarily  selected  based  on  clarity  of  the  data.  A 
useful  site  was  one  that  produced  bubbles  at  regular 


intervals  and  whose  results  could  be  averaged  over 
many  bubble  histories  to  produce  a  characteristic 
growth  curve.  For  the  presentation  two  sites  were 
chosen  which  best  represented  the  boiling  response 
curve.  At  each  site  the  heat  flux  was  varied  for  nine 
steps  beginning  with  292,000  W/m2  ,  as  shown  in 
Table  3.  The  heat  flux  was  increased  in  steps  until  the 
surface  superheat  reached  15  °C,  and  then  the  heat 
flux  was  decreased  in  the  same  steps.  Beyond  this 
temperature  the  heat  source  began  showing  signs  of 
burnout,  a  rapid  increase  in  the  backside  temperature 
of  the  heat  source. 

For  each  heat  flux  step  the  voltage,  current, 
superheat  temperature,  and  bulk  fluid  temperature 
were  recorded.  Prior  to  measurement  the  system  was 
allowed  some  time  to  stabilize.  Data  was  sampled  at 
50  kHz  until  100,000  validated  samples  were 
recorded  in  the  buffer.  The  raw  data  appears  in  a  time 
series  as  a  series  of  vertical  lines  separated  by  a 
seemingly  regular  interval.  This  regular  interval 
corresponds  to  the  bubble  growth  waiting  time,  which 
represents  the  period  where  cooler  liquid,  brought 
closer  to  the  surface  due  to  the  wake  of  a  rising 
bubble,  is  reheated. 


Heat  Flux 
(W/m2) 

Tw  °C 

T  w  "  T  sat 

tw  (sec) 

292000 

108 

8 

0.05 

326700 

109 

9 

364000 

110 

10 

0.03 

392030 

110.5 

10.5 

431550 

111.2 

11.2 

0.025 

477400 

112.2 

12.2 

0.02 

517500 

112.6 

12.6 

0.02 

567600 

113 

13 

616250 

113.8 

13.8 

Table  3.  List  of  heat  flux  and  wall  superheat 
measured  during  experiments. 
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Fig.  5.  Averaged  growth  histories  for  bubbles  at  site 
A  for  varying  heat  flux. 

Increasing  the  heat  flux  reduced  the  waiting 
time  to  the  order  of  0.01  secs,  where  it  stabilized  and 
did  not  change  upon  increasing  flux.  Applying  this 
waiting  time  in  bubble  growth  relations  produced  an 
estimated  cavity  size  on  the  order  of  50  microns,  the 
same  result  achieved  by  Judd  (1985)  for  a  smooth 
copper  heat  source. 

COMPARISON  WITH  THEORY 

The  theoretical  work  outlined  by  Mikic  and 
Rohsenow  (1969)  was  used  for  comparing  the  present 
results  with  theory.  Because  the  bulk  liquid 
temperature  in  the  test  section  hovers  near  the 
saturation  temperature  and  differs  from  the  surface 
superheat,  the  equation  for  a  non-uniform 


Fig.  6.  Bubble  growth  history  for  a  single  flux  from 
site  A  compared  with  Mikic  et  al  for  different  waiting 
times.  R+  and  t+  represent  dimensionless  radius  and 
time. 

temperature  field  was  used.  Using  the  bubble 
frequency  estimated  from  experiment,  the  bubble 
growth  curves  were  evaluated  for  different  waiting 
times  and  then  compared  with  the  measured  results  in 
the  next  section.  In  Figure  6  the  measured  data  is 
compared  against  Mikic  et  al  for  the  waiting  times  of 
0.01,  0.001,  0.0005,  and  0.0001  seconds.  A  waiting 
time  of  0.001  secs  was  found  to  agree  with  all  the 
measured  data.  This  implies  a  weakness  in  the  models 
when  used  for  bubble  measurements  in  the  small  size 
range.  None  of  the  past  investigators  obtained 
consistent  measurements  of  bubble  growth  in  the 
range  of  0-200  microns,  which  is  of  interest  here. 


CONCLUSION 

In  this  study  PDA  was  shown  to  produce 
bubble  growth  records  comparable  to  the  results  of 
other  investigators.  Reliable  measurements  could  be 
made  of  the  bubble  growth  rate  at  STP  conditions  for 
varying  heat  flux.  Because  of  the  limitations  imposed 
by  earlier  measurement  techniques  further 
investigation  of  the  waiting  time  is  required  to  verify 
the  stabilization  of  the  waiting  time.  The  PDA 
instrument  was  found  to  be  reasonably  simple  to 
setup  and  operate  in  this  application. 

Bubble  waiting  time,  growth  time  and 
bubble  density  also  play  a  pivotal  role  in 
characterizing  the  boiling  heat  transfer  process.  In 
addition  to  measuring  the  growth  rate,  the  PDA 
instrument  can  be  used  to  measure  the  bubble  rise 
velocity  and  diameter,  from  which  the  bubble 
frequency  can  be  determined.  In  addition,  PDA  can 
be  used  to  determine  the  bubble  population  density 
over  a  specific  area  on  the  heat  source. 

From  an  experimental  perspective,  boiling 
nucleation  is  a  vast  subject,  therefore,  the  principle 
aim  of  this  study  was  to  present  the  technique  as  a 
viable  alternative  to  more  traditional  methods  of 
recording  bubble  growth. 
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ABSTRACT 

Scanning-Particle-Image-Velocimetry  is  used  in 
combination  with  a  stereoscopic  mirror  system  to  record 
the  three-dimensional  wake  structure  and  the  bubble 
coordinates  simultaneously  over  time  in  a  bubbly  two- 
phase  flow.  Pulsed  planar  swarms  of  8-16  bubbles  with 
a  mean  diameter  of  0.8  cm  were  released  simultaneously 
in  a  counter  water  stream  where  they  are  captured  nearly 
in  the  same  vertical  position  during  the  observed  period. 
The  results  demonstrate  the  important  role  of  the  wake- 
capture  process  in  bubble  interaction.  Only  when  trailing 
bubbles  are  captured  within  a  wake  of  leading  ones, 
bubble  collision  and  possibly  coalescence  happens.  For 
the  bubble  size  studied  we  found  a  regular  shedding  of 
hairpin  vortices  building  a  chain  of  vortex  loops  in  the 
wake  downstream.  A  video-animation  of  the  temporal 
evolution  of  the  flow  demonstrates  this  dynamic  process 
which  is  difficult  to  express  in  single  pictures. 


1.  INTRODUCTION 

Bubble  interaction  in  swarms  is  understood  as  a  main 
factor  in  amplification  of  turbulent  kinetic  energy 
production  in  bubbly  two-phase  flows.  The  interaction  is 
mainly  caused  by  the  individual  wake  structure,  the 
wake  capture  process  and  the  interaction  of  several 
bubbles  in  clusters  or  "chimneys"  [1].  Shedding  of 
vortices  with  ordered  structure  from  the  bubble  wake 
plays  an  important  role  in  these  mechanisms. 

Most  of  the  knowledge  about  the  wake  structure  of 
bubbles  has  been  achieved  so  far  from  flow  visualization 
studies  of  single  ascending  bubbles  [2]  or  two  bubbles  in 
line  [3].  However,  for  a  more  detailed  knowledge  of 
bubble  dynamics,  three-dimensional  and  time-recording 
measurement  techniques  are  required  which  are  able  to 
reconstruct  the  vortical  wake  structures  generated  within 
the  flow.  For  this  reason  we  utilized  a  three-dimensional 


extension  of  classical  Particle-Image-Velocimetry 
termed  as  Scanning-Particle-Image-Velocimetry  (SPIV) 
which  is  based  on  tomographic  scanning  of  the  flow 
volume  of  interest  using  a  scanning  light-sheet 
technique,  see  [4,5].  The  scanning  light-sheet  samples 
the  flow  volume  rapidly  in  depth  within  a  set  of 
staggered  planes  in  each  of  which  the  flow  field  can  be 
analyzed  with  advanced  three-dimensional  PIV 
algorithms.  This  technique  offers  a  better  resolution 
compared  to  3-D  Particle-tracking  techniques,  however 
it  requires  high-speed  imaging.  It  already  has  been 
successfully  applied  to  the  wake  of  a  solid  spherical  cap 
as  an  approximation  of  a  spherical  cup  bubble  [6]  and  is 
here  utilized  to  resolve  the  time-dependent  three- 
dimensional  flow  field  in  the  wake  of  a  bubble  cluster 
rising  in  quiescent  fluid. 

Under  the  difficult  conditions  of  instantaneous  flow 
measurements  in  multiphase  flows  containing  swarms  of 
larger  bubbles  with  random  location,  the  multi-planar 
method  of  SPIV  has  the  advantage  to  provide 
information  in  the  scanned  volume  at  each  location. 
Therefore,  important  dynamical  features  driven  by  the 
wake  structures  are  not  overseen  as  possibly  in  case  of  a 
stationary  sheet  used  in  conventional  PIV.  Similar 
important  as  the  three-dimensional  aspect  is  the  fact,  that 
the  time-history  of  the  flow  is  recorded  with  sufficient 
accuracy.  Otherwise,  the  dynamical  behavior  of  both 
phases  cannot  be  related  to  each  other  within  a  swarm  of 
bubbles. 

This  paper  presents  the  results  of  time-recording 
measurements  of  bubble  motion  and  wake  structures  via 
SPIV  and  digital  high-speed  imaging  in  a  pulsed  swarm 
of  relative  few  bubbles.  The  major  aim  of  the  study  is 
the  understanding  of  bubble  interactions  in  swarms  with 
bubbles  corresponding  in  size  to  the  typical  bubble  size 
as  used  in  real  chemical  reactors  (of  order  of  1  cm  and 
more).  For  these  conditions,  the  maximum  void  fraction 
of  the  dispersed  phase  at  which  PIV  measurements 
could  reveal  the  wake  structure  is  limited  to  about  5%. 


27.4.1 


Otherwise  strong  optical  distortion  at  the  phase 
boundaries  prohibit  any  quantitative  correct 
measurements  over  larger  fields  which  could  help  to 
recognize  the  structure  of  the  wake  flow. 


2.  EXPERIMENTAL  SETUP 

2. 1  Bubble  generator  and  water  channel 

In  the  present  study  we  focus  on  large  bubbles  with  a 
diameter  of  the  order  of  1  cm  as  typical  for  real 
chemical  reactors.  A  bubble  release  mechanism  similar 
as  that  described  in  [1]  was  used  to  generate  planar 
swarms  of  8  bubbles.  This  bubble  generator  enables  the 
controlled  generation  of  bubbles  with  near  equal  volume 
and  a  simultaneous  planar  release.  A  rotating  plate  with 
8  or  16  holes  is  used  which  is  placed  between  two  fixed 
plates  from  which  the  top  is  the  release  plate  and  the 
bottom  the  filling  plate,  respectively.  In  the  filling 
position,  each  chamber  is  filled  with  a  defined  gas 


volume  using  a  proportioning  screw  with  8  or  16 
syringes  in  parallel  order  connected  with  small  tubes  to 
the  filling  plate.  In  the  release  position,  the  chambers 
open  at  the  top  and  bottom  and  the  pressure  difference 
drives  the  bubbles  out  of  the  generator. 

In  the  first  version,  a  plate  with  8  holes  with  a 
diameter  of  6  mm  over  an  area  of  4x4cm2  was  used.  The 
diameter  of  the  thereby  generated  bubbles  was  on 
average  8  mm  with  a  scatter  of  less  than  1  mm.  The 


resulting  Eotvos-number  is  about  10  and  the  Reynolds- 
number  is  approximately  200,  based  on  the  equivalent 
bubble  diameter.  Therefore,  the  bubbles  can  be  expected 
to  be  of  elliptical  shape  and  to  ascend  in  zig-zag  and 
helical  trajectories  for  a  single  bubble.  Within  a  cluster 
of  bubbles,  the  interaction  of  the  bubbles  and  the  wakes 
lead  to  more  complex  behavior. 

The  described  bubble  generator  is  placed  at  the 
bottom  of  a  rectangular  water  column  with  a  cross- 
section  of  10cm  by  10cm  in  square.  All  side  walls  of  the 
2  meter  long  test  section  are  made  of  transparent  acrylic 
glass  to  provide  optical  access  from  360°.  The  test 
section  is  fixed  to  a  large  water  reservoir  at  the  top  in 
which  the  small  tracer  particles  (Vestosint,  0  =  30(J.m) 
can  be  mixed  to  the  fluid  prior  to  the  experiments.  Either 
experiments  with  bubbles  rising  in  quiescent  fluid  or 
within  a  counter  stream  can  be  realized  with  the  vertical 
water  channel.  For  the  latter  case,  a  single  swam  is 
generated  and  -  after  the  swarm  reaches  the  mid  of  the 
test  section  -  a  valve  at  the  bottom  left  side  wall  is 
opened  to  a  certain  position  such  that  the  swarm  of 
bubbles  remains  nearly  in  the  same  position  for 
observation  of  longer  periods. 

2.2  Optical  setup  with  scanning  device  and  stereoscopic 
mirror  system 

For  application  of  SPIV  in  the  bubbly  flow,  we  used  a 
digital  high-speed  video  camera  (Speedcam+512,  512  x 
512  pixel  resolution)  with  a  recording  rate  of  1000 
frames/sec  and  a  high-speed  rotating  drum  scanner  for 
synchronized  sequential  scanning  of  the  flow  volume. 
Fig.  2  depicts  a  sketch  of  the  optical  arrangement  for  the 
tomographic  recording  using  the  high-speed  camera. 
The  scanning  light-sheet  is  oriented  in  a  vertical  plane 
and  is  scanned  in  direction  parallel  to  the  viewing 
direction  within  the  flow  volume.  The  total  scanning 
width  was  2.4  cm  with  a  number  of  5  planes,  each  0.6cm 
spaced  apart.  From  successive  images  in  each  plane 
(temporal  separation  At  =  5  ms),  the  2-D  velocity  field 
within  the  light-sheet  can  be  determined  by  cross¬ 
correlation  technique. 

To  obtain  also  the  bubble  motion  in  addition  to  the 
flow  field,  we  applied  a  shadow-method  simultaneous  to 
the  illumination  in  a  light-sheet  and  used  a  stereoscopic 
viewing  arrangement.  The  simultaneous  recording  was 
realized  here  with  a  stereoscopic  mirror  arrangement 
and  the  split-screen  technique,  see  fig.  2.  The  viewing 
directions  have  an  angle  of  90°  perpendicular  to  each 
other  which  offers  the  determination  of  the  3-D  position 
of  the  bubbles  in  the  volume  of  interest.  The  incoming 
light  from  both  viewing  directions  is  deflected  in  the 
mirror  system  such  that  the  imaging  sensor  area  of  the  is 
illuminated  in  two  equal  rectangular  segments  which 


27.4.2 


corresponds  to  both  views  (split-screen  technique). 
Note,  that  for  this  reason  the  effective  horizontal 
resolution  of  each  view  is  reduced  by  a  factor  of  two. 
Thus,  the  viewing  area  is  3cm  x  6cm  with  a  resolution  of 
256x512  pixel  (magnification  of  1/10). 

An  alternative  arrangement  uses  the  shadow- 


technique  with  background  illumination  from  two  sides 
if  only  the  bubble  dynamics  is  of  interest.  In  other 
experiments  we  also  used  two  drum  scanners  scanning 
the  flow  simultaneous  in  two  perpendicular  light-sheets 
to  obtain  all  three  velocity  components  in  the  scanned 
volume  with  the  stereoscopic  recording  system. 


lamp  (optional) 


Fig.  2:  Sketch  of  the  optical  arrangement  for  Scanning  PIV  in  a  vertical  bubble  column  using  two  simultaneous 
scanning  light-sheets  and  a  stereo  mirror  system 
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As  we  see  later,  images  of  the  bubbles  can  be  obtained 
even  without  any  background  illumination  only  by  the 
shadow  of  the  light  scattered  from  the  particles  in  the 
light-sheet.  Though  in  this  case  the  image  quality  of  the 
bubbles  is  bad,  it  is  often  still  good  enough  for  the  three- 
dimensional  reconstruction  of  the  bubble  position. 

In  order  to  avoid  direct  light  from  the  scanning  laser 
beam  on  the  video  chip,  the  rotating  drum  unit  was  tilted 
such  that  the  direct  beam  crosses  the  flow  under  a 


certain  offset  angle  and  passes  above  the  drum  unit.  If 
two  laser  sheets  are  used  simultaneously,  we  used  the 
both  lines  of  the  Ar+  laser  with  488nm  and  514nm 
separate  in  the  multi-line  mode  and  placed  color  filters 
in  the  path  of  the  non-corresponding  viewing  direction 
such  that  both  segments  on  the  chip  only  receives  the 
scattered  light  from  the  corresponding  light-sheet. 


original  stereo-image 


Fig.  3:  Processing  steps  on  the  left  and  right  image  segment  for  a  stereo-image  in  an  experiment  with  combined 
light-sheet  method  and  shadow-technique  (phase  discrimination,  bubble  contour  detection  and  velocity  field 
determination) 
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2.3  Image  processing 

From  the  images  of  the  bubble  in  both  views  the 
three-dimensional  bubble  shape  and  location  can  be 
determined  via  back-projection  procedure.  In  addition, 
the  particle  images  within  the  fluid  are  used  to  determine 
the  flow  field.  The  necessary  initial  image  processing 
steps  for  phase  discrimination  are  shown  in  the 
following  figure.  The  left  half  of  the  recorded  image 
shows  the  light  scattered  by  the  particles  in  the  light- 
sheet  as  typical  for  PIV.  On  the  right  half,  one  can  see 
the  shadow-images  of  the  bubbles  within  the  volume 
illuminated  from  the  back  by  a  lamp.  In  this  image 
configuration,  the  projection  direction  is  parallel  to  the 
light-sheet  orientation  which  means,  that  the  bubbles  are 
seen  from  perpendicular  views,  one  view  from  the 
scattered  light  originating  from  the  light-sheet  and  one 
view  from  the  direct  projected  light  of  the  lamp. 

The  position  of  the  light-sheet  is  well  seen  on  the 
right  as  a  white  stripe.  By  means  of  the  shadow  of  the 
laser  behind  the  bubbles  one  can  also  find  the  images  of 
the  bubbles  on  the  left  and  right  side  which  correspond 
to  one  bubble  in  the  illuminated  volume  (those,  which 
are  at  the  same  vertical  coordinate  and  which  shade  the 
light-sheet).  A  calibration  grid  was  recorded  prior  to  the 
experiments  to  find  out  the  correct  relation  between 
object  coordinates  and  image  coordinates. 

The  particle  images  are  separated  from  the  original 
image  by  means  of  a  particle  masking  technique. 
Therefore,  the  original  image  is  first  binarized 
(subtraction  of  a  background  image  and  thresholding) 
and  those  regions  are  said  to  belong  to  particles,  where 
2-8  pixels  with  value  1  are  together.  This  yields  after  a 
dilatation  procedure  finally  a  binary  mask  which  is  used 
for  masking  of  the  original  image.  With  a  logical  AND 
and  OR  procedure  of  the  original  image,  one  obtains  the 
image  of  solely  the  bubbles  and  the  image  of  solely  the 
particles.  The  bubble  contours  are  determined  by  edge- 
detection  algorithms. 

Out  of  the  bubble  contours  on  both  views,  the  three- 
dimensional  position  and  orientation  of  the  bubble  is 
estimated.  Therefore  a  rotational  symmetric  revolution 
of  the  bubbles  with  an  elliptical  cross-section  is  assumed 
as  a  first  approximation.  The  data  of  the  ellipsoid  are 
obtained  by  a  least-square  fitting  method  from  the 
determined  contour  coordinates.  From  the  data  of  the 
ellipse  in  both  views,  we  obtain  the  angle  of  attack  of 
the  bubble  against  the  horizontal  axis  and  the  wobbling 
angle. 

The  flow  field  is  determined  by  an  improved  DPIV 
method  using  the  method  of  cross-correlation  with 
adaptive  window  shifting  and  iterative  window  size 
reduction  (see  also  [7]).  This  allows  -  compared  to 
previous  methods  -  a  higher  spatial  resolution  and  a 
higher  accuracy  of  the  estimated  velocity  vector.  In 


addition,  the  signal  to  noise  ratio  increases  (the  bias 
error  is  eliminated  due  to  the  shifting  method)  and  due 
to  the  window  refinement,  the  cross-correlation  can  be 
applied  also  close  to  the  surface  of  the  bubbles  without 
lost  of  accuracy.  Due  to  the  prior  binary  masking  of  the 
particle  images,  all  image  information  of  the  bubbles  is 
removed  and  no  additional  falsification  due  to  the 
dispersed  phase  exists.  The  cross-correlation  procedure 
runs  over  the  complete  image  first.  At  the  end,  all 
vectors  are  removed  at  those  locations,  where  the 
average  number  of  particles  is  less  than  3  in  the 
interrogation  window.  At  these  locations,  the  local  fluid 
vector  is  estimated  by  the  average  of  the  neighboring 
vectors.  At  the  blank  regions  -  the  area  of  the  dispersed 
phase  -  the  cross-correlation  fails  and  no  information  is 
obtained.  This  procedure  yields  at  the  end  the  2-D 
velocity  field  within  the  light-sheet  plane.  In  case  of 
dual-scanning  with  two  perpendicular  light-sheets,  all 
three  velocity  components  can  be  determined  in  the 
scanned  volume.  For  the  dispersed  phase,  the  temporal 
information  of  the  center  of  the  ellipsoids  gives  the 
trajectories  and  the  velocity  vectors  of  the  bubbles. 

3.  RESULTS  OF  MEASUREMENTS 

With  the  described  bubble  generator,  first  experiments 
of  the  bubble  wake  structures  were  carried  out  for 
bubbles  ascending  in  quiescent  fluid.  In  this  study  we 
used  a  dual-scanning  method,  scanning  two  light-sheet 
perpendicular  to  each  other  with  two  drum  scanners 
through  the  volume  of  interest.  This  has  a  cross-section 
of  3.5  x  3.5  cm  in  square  and  a  vertical  extension  of  7 
cm.  In  the  experiments  the  bubbles  were  released  and  as 
soon  as  they  enter  the  observation  volume,  the  camera 
memory  loop  is  triggered  and  the  next  1000  images  are 
stored.  The  following  result  represents  an  experiment 
out  of  numerous  others,  where  the  wake  capturing 
process  is  well  seen.  Fig.  4  gives  the  reconstructed 
bubble  trajectories  in  a  perspective  view  and  a  view 
from  top  together  with  an  indication  of  the  bubble  sizes 
in  the  lower  right  corner  (the  bubble  geometry  could  be 
determined  from  the  shadows  of  the  light  scattered  from 
the  particles  in  the  illuminated  planes  without  any 
additional  background  illumination).  All  bubbles  have 
more  or  less  the  same  diameter  of  the  projected  area  of 
order  of  1  cm.  The  Reynolds-number  based  on  this 
diameter  amounts  ca.  Re=250.  The  figure  displays  in 
addition  at  the  right  the  vertical  coordinate  of  the 
bubbles  over  the  recording  time.  A  characteristic  picture 
of  the  induced  flow  field  is  shown  in  a  vector  plot, 
where  the  background  color  in  a  rainbow  spectrum 
represents  the  amount  of  upwards  velocity  (red  color 
indicates  a  region  with  high  upwards  motion,  blue  a 
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region  of  low  vertical  motion).  The  flow  fields  in  the 
two  perpendicular  light-sheet  planes  are  shown  together 
to  illuminate  the  three-dimensional  nature  of  the  wake. 

In  the  present  experiment,  two  bubbles  enter  first  the 
observation  volume  (no.  2  and  no.  3)  which  are  followed 
by  two  other  bubbles  (no.  1  and  no.  4),  which  show  a 
much  increased  vertical  velocity  and  collide  later  with 


suction  effect.  The  top  view  demonstrates,  that  the 
leading  bubbles  move  more  or  less  in  a  helical  path 
overlayed  with  a  linear  sidewards  motion,  whereas  the 
trailing  bubbles  have  no  characteristic  trajectory  and  are 
mainly  driven  by  the  wake  of  the  leading  bubbles.  To 
later  moments  they  collide  with  the  leading  bubbles  and 
drift  laterally  away.  The  colored  region  shown  in  the 


bubble  trajectories 


Fig.  4:  Three-dimensional  trajectories  of  bubbles  in  a  swarm  with  8  bubbles  ascending  in  quiescent  flow  and 
corresponding  wake  structure  to  a  characteristic  moment  of  the  bubble  cluster  (Re  =  2500,  the  background  color 
in  the  vector  plot  indicates  the  amount  of  vertical  upwards  flow) 

the  leading  bubbles.  This  is  well  documented  in  the  plot  vector  plot  indicate  that  wake  fluid  with  increased 
showing  the  vertical  bubble  motion  where  the  trailing  vertical  velocity  is  left  in  a  helical  structure  behind  the 
bubbles  show  an  increased  ascending  velocity  due  to  the  bubble. 
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Another  experiment  demonstrates  the  interaction  of 
bubbles  over  longer  periods  which  was  carried  out  in 
counter  flow  to  keep  the  bubbles  in  the  observation 
region.  The  mean  downwards  flow  velocity  was  abrupt 
adjusted  from  rest  to  20cm/s  after  the  bubbles  entered 


the  frame.  Here,  only  a  single  light-sheet  was  used  for 
scanning  and  the  other  view  was  used  for  shadow¬ 
imaging  of  the  bubbles.  The  graphical  presentation  is 
equal  to  that  of  the  last  figure.  In  the  vector  plot  the 
downwards  velocity  component  by  the  counter  flow  is 
subtracted.  Here,  the  color  represents  the  amount  of  the 
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Fig.  5:  Three-dimensional  trajectories  of  bubbles  in  a  swarm  with  8  bubbles  in  a  counter  flow  and  corresponding 
vortical  structure  in  the  wake  to  a  characteristic  moment  of  the  bubble  cluster  (Re  =  2500,  the  background  color 
in  the  vector  plot  indicates  the  amount  of  vorticity) 
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vorticity  component  normal  to  the  light-sheet  plane.  It 
was  calculated  by  means  of  central  difference  schemes 
from  the  measured  velocity  field  and  was  smoothed  to 
remove  erroneous  small  scale  regions  of  high  vorticity 
and  to  clarify  the  large-scale  vortices. 

A  two-fold  capturing  event  of  a  small  satellite  bubble 
no.  2  (this  bubble  was  generated  with  a  reduced  gas 
volume  in  one  of  the  chambers  of  the  bubble  generator) 
into  the  wake  of  a  larger  leading  bubble  no.  3  could  be 
observed  in  the  recorded  period  (scan  no.  50-70  and 
scan  no.  100-135  in  Fig.  5).  Note,  that  in  all  experiments 
collisions  were  observed  exclusively  after  wake 
capturing  (this  agrees  with  the  findings  from  [1,2])  as 
also  seen  in  the  presented  results  where  prior  to  collision 
the  small  bubble  is  captured  by  the  wake  of  the  larger 
one.  The  small  bubble  first  reaches  to  a  certain  moment 
(scan  no.  50  in  the  plot  of  the  vertical  bubble  coor¬ 
dinates  over  time  in  Fig.  5)  a  critical  minimum  distance 
to  the  large  leading  bubble  and  is  then  trapped  into  the 
wake  rapidly.  It  is  then  accelerated  and  approaches  the 
large  bubble,  however,  it  happens  that  it  is  repelled 
again  (scan  no.  60  in  Fig.5).  To  a  later  moment,  the 
small  bubble  is  captured  to  the  second  time  into  the 
wake  of  the  large  bubble  (scan  no.  120)  and  then 
collides  with  it  (scan  no.  135). 

The  vorticity  distribution  clarifies  the  ring-like 
vortical  structure  in  the  attached  wake  of  the  large 
bubble.  Farther  downstream,  the  remainder  of  a  loop¬ 
like  vortical  structure  can  be  seen.  This  structure  was 
found  to  be  shed  periodically  from  the  larger  bubble 
similar  as  observed  in  the  wake  of  a  spherical  cap  [6].  A 
computer  animation  of  the  dynamical  process  can  be 
downloaded  from  the  WWW  www.aia.rwth- 
aachen.de/.nnhlic  html/christooh  as  an  avi-file  (also 
published  on  the  CD  of  the  Proc.  3rd  Int.  Conf. 
Multiphase  Flows,  [8]). 

A  more  clarifying  presentation  of  the  wake  structure 
is  shown  in  Fig.  6  by  means  of  a  spatio-temporal 
reconstruction  of  the  vorticity  field.  First,  from  each 
scan  the  plane  with  the  closest  location  to  the  center  of 
the  leading  bubble  was  chosen  (in  most  cases  plane  no. 
4).  From  the  derived  vorticity  field  in  this  plane,  a 
horizontally  aligned  stripe  out  of  the  field  at  a  fixed 
location  2  cm  downstream  of  the  centroid  of  the  bubble 
was  taken  and  the  vorticity  information  there  was 
staggered  scan-by-scan  in  a  data  array.  The  resulting 
data  matrix  displayed  as  a  contour  plot  gives  the  spatio- 
temporal  evolution  of  the  vorticity  in  this  location  of  the 
wake  of  the  leading  bubble  over  the  complete  period  of 
recorded  bubble  motion.  Because  the  shedding  of  the 
vortices  was  found  to  be  nearly  periodic  in  time  with  an 
approximate  constant  velocity  with  which  the  vortices 
are  swept  downstream,  the  vertical  coordinate  in  Fig.  6 
can  be  interpreted  either  as  the  time  coordinate  or  alter- 


vertical  velocity 

Fig.  6:  Spatio-temporal  reconstruction  of  the  vorticity 
field  in  the  wake  of  the  leading  bubble  no.  2  and  the 
corresponding  model  of  the  wake  structure.  (A:  moment 
of  capturing  of  bubble  no.  3  into  the  wake  of  bubble  #  2. 
B:  moment  of  collision) 

natively  as  the  vertical  coordinate  in  a  frozen  picture  of 
the  wake.  Contour  lines  of  constant  vorticity  are  shown 
where  the  vorticity  exceeds  a  certain  cut-off  level. 
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The  spatio-temporal  reconstruction  demonstrates  the 
nature  of  the  wake  as  a  chain  of  alternately  tilted  ring¬ 
like  vortex  structures  with  a  regular  zig-zag  orientation 
in  this  plane.  The  neighboring  positive  and  negative 
contour  lines  represent  therein  slices  through  ring-like 
vortical  structures.  The  orientation  of  these  structures 
are  marked  in  the  graph  by  ellipses,  which  also  clarify 
the  correspondence  of  the  positive  and  negative  contour 
lines.  From  inspection  of  the  instantaneous  vorticity 
field  in  the  other  planes  of  the  scans,  we  could  see  that 
these  structures  do  not  represent  closed  vortex  rings  but 
the  heads  of  downstream  oriented  hairpin-like  vortices 
which  are  arranged  in  a  chain  of  vortex  loops  as 
explained  in  the  sketch  on  the  right-hand  side  beneath 
the  vorticity  reconstruction. 

These  results  clearly  demonstrate  to  the  first  time 
quantitatively  that  the  wake  of  bubbles  at  this  range  of 
Reynolds-number  consists  of  a  chain  of  vortex  loops 
similar  as  observed  in  the  wake  of  solid  axisymmetric 
bluff  bodies  like  prolate  spheroids,  spheres  or  spherical 
caps  [9,10].  It  is  also  obvious  from  the  measurements 
that  the  wake  is  not  a  helical  vortex  structure  as  quoted 
in  [11].  Our  measurements  confirm  earlier  results  using 
qualitative  visualizations  of  the  wake  of  spherical  cap 
bubbles  made  by  Yabe  and  Kunii  (1978)  [12]  and  recent 
flow  visualization  studies  of  the  wake  of  ellipsoidal 
polystyrol  particles  rising  in  water  [13]. 

Further  interesting  to  note  is  that  the  capture  process 
of  the  small  bubble  into  the  wake  of  the  leading  bubble 
is  triggered  by  the  shedding  vortex  loops.  The  moment 
of  wake  capturing  initiation  in  the  second  capturing 
cycle  (see  scan  no.  100-135  in  Fig.  5)  is  marked  in  the 
graph  in  Fig.  6  at  point  “A”.  The  smaller  bubble  at  this 
moment  is  located  at  the  right-hand  side  of  the  large 
bubble  at  the  region  where  the  arrow  is  located  in  the 
sketch.  The  arrow  marks  the  direction  of  the  flow  field 
induced  by  the  loop  over  it  to  this  moment.  This  induced 
flow  is  responsible  that  the  smaller  bubble  is  driven  into 
the  wake.  Both  events,  on  one  hand  that  the  bubbles 
reach  a  minimum  distance  to  each  other  to  that  moment 
of  their  individual  paths,  and  on  the  other  hand  that  the 
small  bubble  is  then  at  the  right  place  with  respect  to  the 
induced  flow  field  (and  to  the  right  time  within  the 
shedding  cycle)  are  the  conditions  for  the  wake 
capturing  to  take  place. 

It  needs  a  further  complete  shedding  cycle  until  the 
captured  bubble  collides  with  the  leading  bubble  which 
is  marked  in  Fig.  6  as  “B”.  During  this  period  the  bubble 
motion  is  not  continuous  -  see  the  plot  of  the  vertical 
bubble  coordinate  over  time  in  Fig.  5  -  but  the  bubble  is 
alternately  accelerated  (scan  no.  100),  decelerated  (scan 
no.  115)  and  accelerated  again  (scan  no.  120+).  Careful 
inspection  of  the  shedding  cycle  revealed  that  the 
acceleration  phase  of  the  small  bubble  is  coupled  in  time 


to  the  passing  by  of  a  loop  with  the  head  oriented  to  the 
right.  Vice  versa,  the  following  deceleration  phase  is 
coupled  by  the  passing  by  of  the  next  loop  with  the  head 
oriented  to  the  left.  This  is  due  to  the  change  of  the 
induced  flow  field  at  the  right-hand  side  of  the  vortex 
chain  from  where  the  small  bubble  approaches  the  large 
one.  With  the  period  of  the  alternate  loop  orientation 
and  zig-zag  arrangement  the  induced  velocity  at  the 
considered  location  switches  alternately  from  a  positive 
to  a  negative  vertical  component.  While  in  the  first  wake 
capture  cycle  (scan  no.  50-70)  the  deceleration  was 
strong  enough  for  the  bubble  to  be  repelled  again  from 
the  leading  large  bubble,  in  the  here  described  second 
wake  capturing  cycle  the  deceleration  is  not  sufficient  to 
reject  the  bubble  again  out  of  the  wake  so  that  the 
bubbles  finally  collide. 

Overall,  the  results  demonstrate  that  the  wake 
capturing  process  is  strongly  coupled  to  the  periodical 
shedding.  Therefore,  the  shedding  of  vortices  in  the 
wake  of  bubbles  trigger  the  probability  of  wake 
capturing  and  therefore  the  probability  of  collision  and 
coalescence.  This  could  possibly  help  to  develop  a  more 
accurate  statistical  model  of  bubble  interaction  in 
multiphase  flows. 

Finally,  the  obtained  bubble  trajectories  are 
discussed  in  context  with  the  observed  bubble  wakes.  A 
first  striking  results  is  that  the  smallest  bubble  no.  1  with 
a  diameter  of  3  mm  has  the  maximum  rising  velocity  and 
a  near  perfect  helical  path  (see  Fig.  5).  It  has  also  the 
highest  angle  of  attack  of  about  40°  to  the  horizontal  and 
a  large  ratio  of  the  helix  diameter  to  the  bubble  diameter 
of  about  3.  An  explanation  therefore  can  be  found  in  the 
theory  put  forward  by  Saffman  (1956)  [14]  which  is  the 
subject  of  a  following  paper.  No  indications  of  a 
periodic  shedding  could  be  found  from  the  obtained 
flow  field  which  gives  the  hint,  that  the  wake  consists  of 
a  pair  of  attached  streamwise  vortices  as  also  found  at 
lower  Reynolds-numbers  of  order  of  200  in  the  wake  of 
solid  axisymmetric  bluff  bodies  [10].  This  has  to  be 
proven  with  PIV  experiments  where  the  light-sheet  is 
oriented  horizontally  which  is  subject  of  our  future 
work.  Bubble  no.  2  initially  shows  a  zig-zag-like 
motion  which  is  coupled  with  the  shedding  of  vortex 
structures  similar  as  in  case  of  the  large  bubble  no.  3, 
see  Fig.  6.  The  angle  of  attack  of  the  bubble  is  about 
25°-30°  to  the  horizontal  and  the  ratio  of  oscillation 
amplitude  to  the  bubble  diameter  is  about  2  (see  Fig.  5). 
As  soon  as  the  bubble  is  captured  in  the  wake  of  bubble 
no.  3,  the  motion  is  more  or  less  determined  by  the 
pressure  field  in  the  wake  of  the  large  bubble  which  can 
be  seen  in  a  large  increase  of  the  angle  of  attack  of  the 
bubble.  Bubble  no.  3  shows  initially  a  rocking  motion 
which  persist  until  short  before  the  collision.  It  moves  in 
an  irregular  helical  path  with  a  ratio  of  the  oscillation 
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amplitude  to  the  bubble  diameter  of  less  than  0.5.  The 
path  oscillation  frequency  is  definitely  coupled  to  the 
vortex  shedding  frequency  similar  as  found  for  bubble  2. 


4.  CONCLUSION 

A  scanning  PIV  method  has  been  developed  for 
application  in  multiphase  flows,  where  simultaneously 
the  bubble  trajectories  and  shape  as  well  as  the  flow 
field  can  be  obtained  in  the  three-dimensional  flow 
volume.  A  stereoscopic  mirror  arrangement  and  the 
split-screen  technique  have  been  used  to  store  two 
perpendicular  views  of  the  flow  field  on  a  digital  high¬ 
speed  video-camera.  A  maximum  of  1000  images  could 
be  recorded  with  a  frame  frequency  of  1000  Hz  which 
was  sufficient  to  follow  the  bubbles  motion  and  flow 
evolution  in  detail.  Cross-correlation  technique  was  used 
to  reconstruct  the  velocity  field  within  the  light-sheet 
planes.  Using  special  phase  discrimination  algorithms 
we  could  also  detect  the  bubbles  and  track  their  position 
during  time  of  recording  within  the  scanned  volume. 

The  results  demonstrate  that  the  wake  of  the  bubbles 
at  Reynolds-numbers  of  order  of  1000  consists  of  a 
regular  chain  of  hairpin-like  vortices  with  their  heads 
oriented  downstream  and  arranged  in  a  zig-zag  manner 
(the  heads  point  alternately  to  the  left  and  right-hand 
side).  From  previous  SPIV  measurements  of  the  wake 
structure  behind  a  solid  spherical  cap  [6,10]  it  can  be 
said  that  the  basic  wake  structure  is  the  same.  In  case  of 
the  solid  spherical  cap  it  was  found  that  the  hairpin-like 
structures  result  from  the  instability  of  the  wake  against 
helical  waves  with  a  wave  number  of  1  in  azimuthal 
direction  which  is  similar  for  all  axisymmetric  solid 
bluff  bodies  and  seems  to  hold  also  for  the  wake  of 
spherical  or  ellipsoidal  bubble.  The  loops  are  generated 
by  two  counter-rotating  azimuthal  waves  of  the  same 
amplitude  and  phase  velocity. 

The  observation  of  an  incomplete  and  a  following 
complete  capturing  processes  of  a  smaller  bubble  into 
the  wake  of  a  leading  large  bubble  during  the  recorded 
period  could  be  directly  related  to  the  vortex  shedding  in 
the  wake  of  the  leading  on.  Hence,  the  shedding  of 
vortices  in  the  wake  of  bubbles  trigger  the  probability  of 
wake  capturing  and  therefore  the  probability  of  collision 
and  coalescence.  This  demonstrates  that  the  wake  nature 
is  a  dominant  feature  in  multiphase  flows  which  has  a 
large  influence  on  bubble-bubble  interaction  and  cluster 
formation.  In  addition,  it  was  found  that  the  bubble  path 
oscillations  are  strongly  related  to  their  wake  nature.  In 
general,  the  results  demonstrate  the  necessity  of  time- 
and  whole-volume  measurement  techniques  to  describe 
the  flow  in  the  wake  of  the  bubbles. 
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ABSTRACT 

A  three  dimensional  two  phase  flow 
measurement  study  is  performed  to  obtain  a  full-field 
quantitative  description  of  a  two-phase  bubbly  flow. 
A  three-dimensional  Displacement  Particle  Image 
Velocimetry  (DPIV)  technique  is  used  for  measuring 
simultaneously  the  velocity  field  of  the  two  phases. 
The  scattered  light  from  the  particle  seed  represents 
the  instantaneous  positions  of  particles  that  lie  in  the 
plane/volume  of  the  light.  The  light  pulses  is 
obtained  by  chopping  the  light  from  a  continuous 
wave  laser.  The  points  imaged  on  the  frame  then 
need  to  be  tracked,  with  spacings  proportional  to  the 
local  velocity  vector  in  the  plane/volume  cf 
illumination.  In  this  study,  a  developed  neural 
network  tracking  routine  is  employed. 

The  shape  of  rising  air  bubbles  in  a  pipe  flow 
is  also  investigated  with  the  Shadow  Displacement 
Particle  Image  Velocimetry  (SDPIV)  flow 
visualization  technique.  A  test  volume  of  bubbly  flow 
is  globally  illuminated  with  a  pulsed  light  from  a 
continuous  wave  laser  with  an  acoustic-optic  beam 
chopper,  and  a  LED’s  red  light  The  viewing  volume 
is  observed  with  four  CCD  cameras  connected  to 
frame  grabbers.  One  of  the  camera  is  positioned 
opposite  to  the  LEDs.  A  digital  image  of  a  rising 
bubble  is  acquired  and  analyzed  to  identify  its  shape. 
A  reconstruction  method,  based  on  the  Dynamic 
Generalized  Hough  Transform  (DGHT)  algorithm  that 
can  determine  the  shape  of  a  bubble  from  a  SDPIV  or 
a  DPIV  image  is  employed. 


1.  INTRODUCTION 

The  knowledge  of  bubbly  flow  behavior  is 
important  for  optimum  design  and  safe  operation  of  a 
wide  range  of  industrial  systems.  One  important 
aspect  is  the  multidimensional  effects  which  occur  at 
different  flow  regimes.  The  behavior  of  bubble 
moving  in  a  liquid  differs  from  that  of  solid  particle. 
The  bubble  shape  can  change  due  to  the  action  rf 
hydrodynamic  force.  Bubble  dimensions  and  shape 
play  an  important  role  in  heat  and  mass  transfer. 
Bubble  volume  and  shape  also  affect  the  rise  velocity 
and  drag  coefficient  The  purpose  of  this  study  is  to 
present  a  hybrid  technique  to  simultaneously  identify 
the  bubble  shape  and  velocity  vectors  of  the  bubbly 
flow. 

Although  many  flow  measurement 
techniques  exist  in  the  chemical,  petroleum  and 
nuclear  industries,  and  many  of  these  flows  have  been 
studied,  there  still  exists  a  lack  of  information  and 
understanding  of  the  physical  phenomena.  Basic 
hydrodynamics,  mixing,  mass  and  heat  transport  have 
not  been  described  based  on  first  principles. 
Traditionally,  design  and  scale-up  of  the  systems  are 
largely  based  on  models.  In  these  models,  the  design 
parameters  are  largely  evaluated  by  empirical 
correlations  which  are  applicable  to  narrow  operating 
ranges.  A  good  knowledge  of  the  structure  of  the 
flow,  including  the  behavior  and  pattern  of  the  phases, 
is  important  in  areas  as  safety  of  the  nuclear  power 
plants  and  efficient  design  of  combustion  systems. 
Many  researchers  have  been  interested  in  the  bubbly 
pipe  flow  phenomenon,  so  it  has  been  studied 
extensively  over  many  years.  Several  studies  have 


been  performed  (Hassan  et  al.  1991;  Hassan  et  al 
1992;  Kashinsky  et  al  1991;  Nakoryakov  et  al  1996; 
Zun  1996;  among  others).  One  of  the  measurement 
techniques  utilized  in  the  study  of  bubbly  flows  is  the 
particle  image  velocimetry  (PFV).  The  PIV  technique 
is  a  nonintrusive  flow  measurement  technique  that2&§.l 
been  well  developed  for  acquiring  velocity  field  data 
(Adrian  1991;  Hassan  et  al  1992;  among  others). 

The  purpose  of  this  study  is  to  present  a 
hybrid  technique  to  identify  the  bubble  shapes  and 
velocity  vectors  of  the  bubbly  flow.  This  technique  is 
the  Shadow  Displacement  Particle  Image  Velocimetry 
(SDPIV)  flow  visualization  technique  which  utilizes 
particle  image  velocimetry  to  measure  the  flow-field  in 
conjunction  with  a  red  shadow  technique  to  record  the 
full  shape  of  the  bubbles.  In  such  way,  the  velocity 
vector  information  of  the  bubbly  flow  and  bubble 
identification  and  distortion  are  simultaneously 
extracted. 

2.  EXPERIMENTAL  SETUP 

A  test  facility  was  constructed  to  conduct  the 
experiment  to  identify  the  bubble  shape.  The  flow 
setup  consisted  of  a  vertical  clear  glass  pipe,  a  pump 
and  a  water  filter.  The  size  of  the  pipe  was  1.27  cm 
inside  diameter  and  1.59  cm  outside  diameter.  The 
pipe  curvature  causes  difficulty  in  ascertaining  the 
laser  light  location  and  also  decreases  the  extent  d 
images  received  by  the  cameras.  To  minimize  the 
curvature  effect,  the  test  section  was  enclosed  in  a 
rectangular  plexiglass  box  with  a  refractive  index 
approximately  the  same  as  that  of  the  glass  tube.  The 
box  was  filled  with  water. 

The  optical  setup  included  an  Argon  laser,  a 
Bragg  cell,  mirrors,  a  beam  splitter  lens,  and  a 
multimode  fiber  with  a  fiber  coupler  as  shown  in 
Figure  1.  The  light  source  is  a  5  watt  model  165  ion 
laser.  It  produces  light  at  approximately  514  nm 
(which  corresponds  to  green  light).  The  laser  beam 
passes  through  a  Bragg  cell  which  chops  the  beam  as 
triggered.  After  leaving  the  Bragg  cell,  the  light  is 
directed  by  a  mirror  to  a  beam  splitter  that  separates 
the  beam  into  two  parts.  Each  part  is  directed  to  a 
separate  fiber  coupler.  The  beam  then  passes  into  a 
400  Jim  multimode  fiber,  which  transmits  the  beam 
to  the  experimental  setup. 

The  data  acquisition  system  consisted  of  four 
digital  cameras,  each  equipped  with  a  telephoto  lens, 
a  2x  range  extender,  a  close-up  lens,  and  a  light 
intensifier  system  with  a  gain  factor  of  1:12000.  The 
cameras  are  model  GP  MF-702.  These  cameras  have  a 
resolution  of  640  x  480  pixels  when  run  in  RS-170 
fame  interlace  mode  at  30  flames  per  second.  By 
running  the  camera  in  field  mode,  the  resolution  is 


reduced  to  640  x  240;  however,  the  framing  rate  is 
increased  to  60  flames  per  second.  The  cameras  were 
run  in  field  mode  to  take  advantage  of  the  higher 
framing  rate.  The  facility  setup  and  basic  camera 
arrangement  are  also  illustrated  in  Figure  1.  To 
measure  the  bubble’s  shape,  the  PIV  system  is 
supplemented  with  a  red  shadow-image  technique. 
The  shadow  is  produced  from  LEDs  located  opposite 
to  one  of  the  CCD  cameras.  A  red  filter  is  placed  in 
front  of  this  camera  lens  to  only  produce  the  bubble 
shadow. 

3.  BUBBLE  SHAPE  IDENTIFICATION  AND 
RECONSTRUCTION  FROM  PIV  IMAGES 

The  interaction  between  rising  gas  bubbles 
and  the  surrounding  fluid  determines  the  shape  of  the 
bubble  and  the  extent  of  the  disturbance  to  the 
surrounding  flow  field.  Instantaneous  bubble  shapes 
and  sizes  are  important  because  they  reflect  the 
dynamic  changes  of  their  pressures  inside  the  bubbles 
and  in  the  surrounding  fluid.  Consequently,  the 
velocity  field  changes  of  the  surrounding  fluid  are  also 
expressed.  Bubble  shape  and  dimensions  play  an 
important  role  in  heat  and  mass  transfer  between  the 
continuous  and  dispersed  phases,  since  they  determine 
the  interfacial  area  available  for  such  phenomena. 
Bubble  volume  and  shape  also  affect  the  rise  velocity 
and  drag  coefficient 

The  PIV  technique  employed  in  this  study  is 
capable  of  providing  the  instantaneous  bubble  shapes. 
Multiphase  flows  can  be  easily  studied  by  PIV,  if  the 
image  of  each  phase  is  easily  distinguishable.  Several 
methods  were  reported  to  separate  the  images 
resulting  from  different  phases.  The  use  of  fluorescent 
tracers  is  one  way  of  solving  this  problem.  With  the 
aid  of  optical  filters,  one  may  separate  the  radiation 
scattered  by  fluorescent  and  neutral  particles.  In  this 
process,  one  camera  captures  both  phases,  and  tile 
other  camera  with  the  filter  only  captures  the  seed 
particle  images.  Then,  by  subtracting  the  images  from 
both  cameras  the  bubbles  can  be  distinguished.  This 
method  of  distinguishing  phases  also  has  the 
advantage  that  the  tracer  particle  images  that  overlap 
with  the  bubble  images  can  also  be  identified  by  the 
camera  equipped  with  the  filter.  Another  method  fix 
identifying  the  phases  considers  the  different  image 
sizes  of  the  seed  particles  and  bubbles.  This  approach 
can  be  employed  by  applying  the  mask  technique  to  a 
digital  PIV  record  such  that  the  images  of  particles 
that  are  either  smaller  or  larger  than  a  predetermined 
threshold  value  disappear  from  the  image  (Gui  et  al 
1996).  Once  an  image  of  a  bubble  is  obtained,  it 
needs  to  be  processed  to  determine  the  shape  and 
dimensions  of  the  target  bubble. 


27.5.2 


For  three-dimensional  PIV  measurements, 
the  viewing  volume  is  illuminated  by  a  cone  of  light. 
In  this  approach,  the  bubble  images  obtained  showed 
only  fragments  of  the  bubble,  and  not  the  whole  two- 
dimensional  projection  shape.  In  addition,  the  bubble 
image  shape  delineated  a  different  shape  of  the  natural 
bubble  shape.  This  effect  is  due  to  the  change  of  scale 
and  also  to  perspective  distortion  of  the  lens  action, 
the  lack  of  adequate  illumination,  or  the  intensive 
light  reflection  from  the  bubble.  To  enhance  the 
bubble  image  the  bubble  shadow  is  recorded  by  the 
camera  which  is  located  opposite  of  the  LEDs  light. 
The  light  intensity  from  the  LEDs  is  low,  compared 
to  the  laser  light  ,  so  the  camera  with  the  filter 
acquires  only  the  image  of  the  bubble  shadow.  A 
typical  SDPIV  image  of  a  rising  bubble  in  stagnant 
liquid  is  presented  in  Figure  4d. 

Several  shape-identification  and 

reconstruction  techniques  for  distorted  or  incomplete 
images  exist.  They  go  from  simply  matching  the 
image  to  a  geometrical  curve  or  surface,  to  the  use  rf 
parametric  curves  or  surfaces,  for  example  Bezier  and 
spline  curves,  or  to  the  mapping  of  the  original  shape 
into  a  parametric  space,  the  Hough  transform  fcr 
example.  In  the  present  study,  a  two-dimensional 
image  reconstruction  process  has  been  developed  to 
determine  both  shapes  and  dimensions  of  the  bubbles. 
This  reconstruction  method  is  based  on  the  Dynamic 
Generalized  Hough  Transform  (DGHT)  algorithm, 
which  is  presented  in  detail  by  Leavers  (1992).  The 
DGHT  algorithm  is  particularly  useful  when  the 
object  to  be  recognized  and  reconstructed  is 
symmetric  (e.g.,  circles,  ellipses,  etc.).  Then,  a  three- 
dimensional  reconstruction  can  be  achieved  by 
combining  two  or  more  images  obtained  from  cameras 
at  different  view  angles  dining  the  PIV  setup.  In 
addition  to  the  shape  image  of  LEDs  light  The  image 
analysis  process  is  divided  into  several  steps.  The 
main  steps  of  the  reconstruction  procedure  are  shown 
in  Figure  5.  A  more  detailed  description  of  the 
reconstruction  steps  is  given  by  Hassan  et  al  (1998). 

The  Hough  transform  decomposes  a 
boundary  into  its  constituent  shape  primitives.  In 
principle,  for  any  analytically  given  curve,  the  DGHT 
algorithm  can  be  used  to  compute  all  parameters 
associated  with  the  curve  (Leavers  1992).  In  the 
present  case,  the  DGHT  algorithm  was  applied  fcr 
detection  of  ellipsoidal  shape.  The  complete  process 
is  illustrated  in  Figure  6.  After  each  iteration  the 
ellipse  parameters  are  estimated.  Although  effective 
stopping  criteria  to  end  the  calculation  cycle  for  the 
DGHT  algorithm  is  given,  we  simply  iterate  for  a 
number  of  times.  For  each  parameter,  the  value  with 
the  highest  frequency  corresponds  to  the  value  that 
best  satisfies  the  ellipse  equation.  Histograms  can  be 


constructed  for  each  parameter.  The  width  of  the 
histogram  is  related  to  the  standard  deviation,  so  it  is 
a  direct  measurement  of  the  uncertainty  associated 
with  the  determined  parameter.  A  well-defined, 
isolated  peak  tell  us  that  the  parameter  has  a  good 
statistical  value.  When  the  distribution,  the 
histogram,  shows  multiple  or  wide  peaks  the  quantity 
or  quality  of  the  connectivity  points  is  insufficient  or 
bad. 

Once  the  ellipse  parameters  are  known,  one 
can  visually  overlay  the  reconstructed  ellipse  over  the 
original  image  for  a  fast  comparison  of  the 
reconstruction  process  accuracy.  Figure  7  describes  the 
three  steps  of  the  reconstruction  process  applied  to  the 
SDPIV  image  given  in  Figure  4d  The  histograms  cf 
the  computed  semimajor  and  semiminor  axes  are  also 
shown  in  this  figure.  An  overlay  of  the  determined 
edge-detection  operator  and  the  ellipse  determined  by 
the  computed  parameters  is  shown  in  Figure  7c.  It 
can  be  concluded  that  the  computed  parameters, 
through  the  DGHT  algorithm,  yield  an  ellipse  that 
closely  matches  the  bubble  shape. 

A  similar  reconstruction  process  was  carried 
out  for  the  bubble  image  from  the  center  camera. 
Figure  4a.  By  combining  the  results  from  these  two 
cameras,  orthogonal  to  each  other,  the  values 
calculated  for  the  bubble’s  semiaxes  are:  a  =  1.068 
mrrv  b  =  1.265  mm,  and  c  =  1.416  mm.  The  shape 
correspond  to  an  oblate  spheroid.  The  spherical- 
equivalent  radius  is  1.241  mm. 

The  DGHT  algorithm  offers  some  advantages 
over  other  reconstruction  techniques.  It  yields  all  five 
parameters  associated  with  the  bubble,  so  dimensions, 
shape  and  the  travel  path  are  determined.  Other 
techniques,  basically,  simply  interpolate,  and 
sometimes  extrapolate,  between  the  boundary  points 
available  for  the  reconstruction.  Although  this  can 
give  a  closer  match  to  the  real  shape  of  the  bubble,  the 
dimensions  and  three-dimensional  movement  will 
have  to  be  determined  by  other  means.  Memory 
storage  and  computation  time  are  not  much  a  problem 
to  consider,  in  the  DGHT  algorithm.  When  occlusion 
of  objects  exist  the  DGHT  algorithm  has  also  been 
proven  to  get  good  results.  The  primary  disadvantage 
of  this  scheme  is  the  need  for  a  priori  analytical 
expression  for  the  curve  to  be  detected.  Thus,  for  a 
very  distorted  bubble,  the  best  that  the  DGHT 
algorithm  can  achieve  is  the  approximation  of  the 
actual  shape  to  a  given  curve. 

4.  CONCLUSIONS 

The  PIV  has  demonstrated  its  ability  to 
provide  quantitative  velocity  information  in  such  a 
manner  that  several  advantages  can  be  realized  over 
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the  more  traditional  methodologies.  A  reconstruction 
process  based  on  the  Dynamic  Generalized  Hough 
Transform  algorithm  was  described.  This  process  can 
determine  the  shape  of  a  bubble  obtained  from  SPIV 
or  PIV  images.  Particle  Image  Velocimetry  is  a  very 
promising,  powerful  tool  to  study  the  structure  cf 
multiphase,  three-dimensional,  steady  and  transient 
fluid  flows. 
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Figure  1.  Experimental  Setup  For  Bubbly  Flow  Pipe  Experiment 
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Figure  2.  Overlay  of  PIV  images  for  air  bubble  injected  in  stagnant  liquid,  (a)  and  (c)  during  the  presence 
of  the  bubble  in  the  viewing  volume,  (b)  and  (d)  after  the  bubble  departure.  The  images  of  (a)  and  (b)  are 
from  Z-X  plane  view,  (c)  and  (d)  are  from  Z-Y  plane  view. 
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Figure  3  Overlays  of  PIV  images  for  the  co-current  flow  case,  (a)  and  (c)  during  the  presence 
ofthe  bubble  in  the  viewing  volume,  (b)  and  (d)  after  the  bubble  departure.  The  images  of 
(a)  and  (b)  are  from  Z-X  plane  view,  (c)  and  (d)  are  from  Z-Y  plane  view. 


(C)  <d) 


Figure  4.  The  four  simultaneous  images  of  a  rising  bubble,  (a)  is  the  image 
from  the  center  camera,  (b)  image  from  right  camera,  (c)  image  from  left 
camera,  and  (d)  the  shadow  image  of  the  bubble. 
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Binarization  of  a  grey-level  image  from  a 
PIV  or  SPIV  measurement  through  a 
threshold  operator 


Figure  5.  Steps  of  reconstruction  process  for  a  bubble  image  ofPIVorSPIV  technique. 


Determination  of  interpolating  (connectivity)  points  from  a  binarized 
image  of  a  PIV  or  SPIV  bubble  image 


Select  randomly  5  interpolating  points 


Use  below  equation  to  determine  the  five  parameters  A,  B,  C,  D,  E  of 
the  ellipse  equation,  by  using  Gauss  elimination  with  back  substitution. 

x2  +y2 -A(x2 -y2)-2Bxy-Cx-Dy-E  =  £ 


Determine  semimajor  axis  a,  and  semiminor  axis  b ,  coordinates  of 
center  of  ellipse  x0and  y0 ;  and  the  rotation  angle  a . 


a  =  — arctan 

2  l 


I  cos2o:  —  A 
I  cos  2  a  +  A 


I  (D(\- A)  +  CB) 
y°~2((l  +  A)0-A)-B2) 


__  1  (C  4-  2^o  A) 

x°~2  a- a) 


,  U  C  D' 
(l  +  e2)\E  +  x0  —  +  y0  — 


Repeat  process 


Statistical  analysis  of  parameters  and  histogram  plots. 


Figure  6.  The  Dynamic  Generalized  Hough  Transform  algorithm  procedure. 
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Figure  7.  Reconstruction  of  the  bubble  shape:  (a)  The  binary  image  after  applying  the  threshold,  size  and  noise 
removal  operators  to  the  SPIV  image,  (b)  The  connectivity  points  to  be  used  in  the  DGHT  algorithm,  (c)  The 
overlay  of  the  edge-detection  operator  and  the  best  ellipse,  (d)  and  (e)  histograms  of  the  frequency  of  the  semima¬ 
jor  and  semiminor  axes,  respectively. 
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ABSTRACT 

We  report  on  a  concurrent  study  of  the 
miniaturization  of  a  Laser  Doppler  Anemometer 
measuring  system  for  the  integration  into  the 
Experiment  Test  Container  of  the  Fluid  Science 
Laboratory  on  the  International  Space  Station. 

1  INTRODUCTION 

The  Microgravity  Facilities  for  Columbus 
(MFC)  are  the  most  important  European  contribution 
to  the  International  Space  Station’s  (ISS)  utilization 
and  will  continue  throughout  the  station’s  lifetime. 


Fig.  1  Inside  view  of  the  Columbus  Orbital  Facility 
at  the  International  Space  Station  (Larter  and 
Gonfalone,  1996) 

Microgravity  research  covers  a  wide  range  of 
activities.  The  first  phase  of  the  MFC-Program 
encloses  the  years  1997  to  2003  and  will  operate  with 


the  four  disciplines  material  and  fluid  science,  biology 
and  human  physiology.  This  phase  includes  the 
development  of  the  following  facilities: 

•  the  Fluid  Science  Laboratory  (FSL), 

•  the  Biolab, 

•  the  European  Physiology  Modules  (EPMs)  and 

•  the  Material  Science  Laboratory  (MSL). 

These  four  multi-user  facilities  will  be  launched  and 
accommodated  in  the  Columbus  Orbital  Facility 
(COF)  at  the  end  of  the  year  2002  (see  Fig.  1).  All 
facilities  will  be  high  modular  in  design  to  allow  easy 
upgrading  and  maintenance  of  the  science  protocols 
and  manually  exchanging  of  the  fluid  science 
experiments  because  of  the  planned  longterm 
operation  period  of  the  future  space  station  (see  Larter 
and  Gonfalone,  1996). 


2  SCIENTIFIC  OBJECTIVES 

Fluid  science  experiments  in  space  are 
designed  to  study  dynamic  phenomena  in  the  absence 
of  gravitational  forces.  Under  the  conditions  of 
microgravity  the  gravitational  forces  are  quasi 
eleminated.  This  means  all  gravity  driven  effects  like 
convection,  fluid  static  pressure  and  sedimentation  are 
reduced  to  zero. 

Our  main  field  of  interest  is  focussed  on  the 
future  Fluid  Science  Laboratory,  results  out  of  our 
field  of  research:  the  Spherical  Gap  Flow  Experiment 
(see  Fig.  2). 

The  hydrodynamic  instabilities  of  a  viscous 
incompressible  fluid  flow  in  the  gap  between  two 
concentric  spherical  shells  under  a  central  force  field 
represents  an  important  model  for  astro-  and 
geophysics.  Investigations  on  thermal  instabilities 
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occuring  in  the  spherical  gap  flow  are  of  basic 
importance  especially  for  the  understanding  of 
symmetry-breaking  bifurcations  during  the  transition 
to  turbulence.  Furthermore,  the  practical  interest  of 
this  reserach  area  is  based  in  various  engineering 
applications  such  as  heat  exchangers,  thermal  storage 
systems  and  solar  energy  collectors,  etc. 


outer  sphere 
(plexiglass)  \ 


Fig.  2  Sectional  view  of  the  Spherical  Gap  Flow 
Experiment. 

A  long  term  Spherical  Gap  Flow  Experiment 
application  at  the  future  space  station  is  in  particular 
interesting,  because  the  time  period  for  the 
development  of  one  characteristic  fluid  flow  situation 
close  to  the  critical  point  could  take  some  hours  or 
more. 

For  the  application  of  Laser  Doppler 
Anemometry  (LDA)  technique  in  space  no  common 
measuring  system  is  acceptable  in  its  dimensions  for 
the  integration  at  the  scientific  racks  of  the  space 
station.  New  miniaturization  techniques  must  be 
applied  to  develope  applicable  measuring  systems. 
The  FSL  offers  many  kinds  of  interferometric 
measuring  systems  and  visual  observation 
possibilities,  but  no  LDA  measuring  technique. 


3  THE  CONCEPT  OF  THE  FLUID  SCIENCE 
LABORATORY 

The  basic  system  concept  of  the  FSL 
comprises  the  facility  with  a  variety  of  subsystems 
required  to  ensure  the  anticipated  functions  and 
operations  (see  Fig.  3). 

The  FSL  supports  scientific  microgravity 
research  in  the  field  of  fluid  physics  by  means  of 
specific  triggering  and  observation  of  phenomena 
inside  of  transparent  and  at  the  surface  of  opaque 
media.  It  is  characterized  by  a  high  level  of 
modularity  on  all  experiment  and  facility  (sub-)system 


levels.  Specific  control  and  data  processing  modes 
allow  for  quasi  real  time  experiment  operation. 

Research  in  this  space  laboratory  environment 
can  be  conducted  hands-on  by  crew  members,  from 
the  ground  in  a  telescience  mode  or  using  an  internal 
automation.  An  combination  of  all  three  modes  is 


possible. 


Fig.  3  The  Fluid  Science  Laboratory  with  its 
different  (Alenia-ESA,  Nov.  1997). 

The  FSL  includes  a  manually  accessible 
operational  area  called  Central  Element  Module 
(CEM).  The  CEM  module  is  designed  to  house 
sequentially  the  modular  experiment  cells,  called 
Experiment  Test  Container  (ETC),  as  illustrated  in 
Fig.  4.  Above  the  experimental  CEM  module  the  main 
diagnostics  unit  of  the  FSL  is  placed:  the  Optical 
Diagnostic  Module  (ODM). 

Both  modules  (CEM  and  ODM  see  Fig.  5) 
contain  different  gas-  and  diode  lasers,  white  light 
sources,  optical  lenses  at  rotating  wheels  as  well  as 
fixed  and  moveable  mirror  units  to  switch  between  the 
different  positions  of  observation  and  measuring 
operations  possibilities. 

The  actual  scientific  fluid  experiment  is  housed 
inside  the  fluid  Experiment  Cell  (EC)  which  is 
arranged  in  the  very  center  of  the  ETC  housing  in  the 
crossing  of  the  two  perpendicular  optical  axis.  The 
windows  are  designed  to  allow  a  field  of  view  of 
A  =  80  x  80  mm2.  The  design  definition  consider  a 
volume  aiming  at  V  =  400  x  270  x  280  mm3  which 
results  out  of  an  optimization  process  under  the  given 
engineering  constraints  e.g.  interfaces,  mass, 
geometry,  stowage  accommodation,  etc.  (see  Alenia- 
ESA,  Nov.  1997). 
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Under  different  and  actively  alterable  stimulations  the 

FSL  comprises  experimental  research  at  least  in  the 

following  areas  (see  Held  and  Zell,  1996,  Immohr  et 

al,  1997): 

•  hydrodynamic  behaviour  of  fluid  systems, 

•  phase  interface  behaviour  of  non-equilibrium  fluid 
systems, 

•  experiments  of  crystal  growth  from  vapours, 
surface  deformations  and  oscillations  of  fluid 
bridges, 

•  nucleation  and  condensation  phenomena  in  over¬ 
saturated  and  sub-cooled  liquids, 

•  critical  point  phenomena, 

•  Bemard-Marangoni  problems, 

•  visualization  of  cell  motion  and  membrane 
behaviour, 

•  Soret-coefficient  problems, 

•  sloshing  in  vessels  and  surface  tension  tanks, 

•  combustion  processes  and  flame  spreadings, 

•  simulation  of  heat  and  mass  transfer  processes  in 
heat  pipes, 

•  boiling  heat  transfer  and  vaporisation  processes, 

•  electrolysis  and  electrophoretic  observation, 

•  G-jitter  induced  disturbances  in  heat  and  mass 
transfer  processes, 

•  etc. 


Fig.  4  The  Central  Element  Module  with  the  open 
drawer  for  the  assimilation  of  the  Experiment  Test 
Container.  At  the  front  side  of  the  CEM  the  electrical/ 
optical  interfaces  and  the  water  cooling  pipes  are 
visible  (Alenia-ESA,  Nov.  1997). 


sheet-  and  volume  illumination  with  white  light 
and  laser  light  sources, 

•  Particle  Image  Velocimetry  (PIV), 

•  Photogrammetry, 

•  thermographic  mapping  of  free  liquid  surfaces  and 

•  interferometric  observation  by  means  of  a 
holographic  interferometer  [Wollaston/Schlieren 
mode  combined  with  shearing  mode,  Electronic 
Speckle  Pattern  Interferometry  (ESPI)] 


Fig.  5  Schematic  view  of  the  diagnostic 
combination  for  Wollasten  /  Schlieren  Interferometry. 
For  this  case  in  operation:  CCD  ESPI  camera  and  the 
laser  of  the  Optical  Diagnostic  Unit  (LS  ODM)  along 
the  y-axis  +  bottom  viewing  with  CEM  CCD  camera 
and  White  Light  Source  No.  A  (WLSA).  In  the 
middle  of  the  Central  Element  Module  the  Experiment 
Test  Container  is  located.  The  arrows  show  the  optical 
ways  for  the  different  observation  and  measuring 
methods  for  this  special  case  (Alenia-ESA,  Nov. 
1997). 


The  ODM  includes  the  following  optical 
diagnostics: 

•  visual  observation  in  two  axis  with  electronic 
imaging  and  photografic  back-up,  background-, 


An  additional  Reference  Test  Container  (RTC) 
gives  optional  the  possibility  to  calibrate  the 
diagnostics  with  optical  targets  and  to  verily  the 
mechanical,  optical  and  electrical  interfaces.  The  RTC 
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will  be  a  pennant  flight  support  equipment  of  the  FSL 
in  orbit. 

4  THE  TASKS 

The  time  varying  nature  of  involving  e.g.  fully 
three-dimensional  laminar-turbulent  transition  and 
convection  phenomena  means,  that  for  the  subject  of 
velocity  measurements  the  LDA  technique  is  a 
capable  and  very  precise  velocity  measurement 
system.  It  should  be  installed  in  addition  to  the 
currently  planned  optical  diagnostics  of  the  FSL. 

The  requirements  of  the  planned  measuring 
system  shall  comply  with  actual  available  measuring 
specifications  of  common  LDA  measuring  systems. 
The  fluid  flow  velocities  of  experiments  inside  the 
FSL  are  assumed  with  u  =  0.001  m/s  to  u  =  0,1  m/s. 
This  assumption  is  valid  for  all  future  experiments  of 
the  FSL.  The  geometrical  dimensions  of  the  optical 
probe  shall  not  exceed  0  =  40  mm  in  diameter  and 
/  =  50  mm  in  length. 


Fig.  6  Principle  sketch  of  the  Spherical  Couette 
Flow  Experiment  integrated  with  the  miniaturized 
LDA  into  the  Experiment  Test  Container. 


The  evaluation  of  possibilities  to  divide  the 
LDA  system  and  to  separate  the  laser  from  the  optic 
probe  with  fiber  connection  or  a  direct  beam  into  the 
ETC  is  a  main  goal  for  the  first  step  of  this 
investigation  (see  Fig.  6  and  Fig.  7). 

This  solution  has  the  most  modularity  in  view 
of  using  an  existing  laser  light  source  from  the 
ODM/CEM  or  to  integrate  a  miniaturized  laser  diode 
system  into  the  ETC.  This  variant  offers  also  a  good 
condition  for  the  operation  of  a  future  three 
dimensional  traversing  unit,  which  should  operated  as 
a  optional  multi-user  application  tool  for  suitable  fluid 


flow  experiments  in  the  FSL.  The  first  step  will 
include  a  fluid  flow  data  registration  of  a  one 
dimensional  measuring  direction. 

The  second  step  of  miniaturization  will  guide 
the  development  into  the  direction  of  a  measuring 
system,  which  joined  all  components  of  the  LDA  in 
one  body:  laser,  optics  and  the  detection  tool.  With 
the  electric  interface  integrated  in  the  LDA  probe  the 
measuring  data  will  be  buffered  on  a  harddisc  storage 
of  the  FSL,  which  will  be  sent  via  downlink  further  on 
to  the  earth  based  ground  station.  At  the  ground 
station  the  raw  data  processing  will  be  executed  with 
the  application  of  the  FFT -technique. 

This  second  step  solution  has  the  biggest 
advantage  in  view  of  the  operation  inside  the  ETC, 
because  the  modularity  of  the  FSL  will  not  be 
disturbed  with  additional  electrical  and  optical 
interfaces.  Because  of  the  raw  data  processing  at  the 
ground  no  further  signal  processing  unit  must  be 
installed  at  the  FSL. 

In  addition  to  the  first  and  second  step  of  this 
miniaturized  LDA  development  a  furthermore 
measuring  direction  is  foreseen  to  receive  two 
dimensional  measuring  data  of  the  fluid  flow 
experiment. 


5  RESULTS 

We  investigated  the  feasibility  of  using 
existing  gas-  or  diode  laser  systems,  which  are 
foreseen  for  the  ODM  in  the  FSL  rack,  to  build  up  a 
LDA  measuring  system  on  ETC  level  (see  Immohr 
andEgbers,  1997;  Immohr,  1997). 


Fig.  7  All  over  view  of  the  first  breadboard 
prototype  of  the  miniaturized  LDA.  Between  the  two 
black  parallel  plates  the  volume  of  the  original 
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Experiment  Test  Container  in  its  dimensions  of 
V  =  400  x  270  x  280  mm3  is  simulated. 

As  a  result  of  the  technological  data  scan  of 
available  LDA  systems  or  measuring  principles  from 
our  point  of  view  it  is  not  possible  to  integrate  a 
common  LDA  system  without  modifications  or 
special  adaptations  on  Experiment  Test  Container 
level  (Immohr  et  al,  1997). 

A  first  breadboard  study  shows  a  possible 
solution  for  an  ETC  based  LDA  measuring  system 
mounted  onto  a  two  dimensional  xy-traversing  unit 
(see  Fig.  7).  An  external  laser  unit  initiates  two 
parallel  laser  beams  into  the  ETC,  in  which  the  beams 
are  guided  via  three  mirrors,  a  beam  splitter  and  a 
focus  lens  to  the  measuring  point  (see  Fig.  8).  The 
backscattered  light  is  focussed  in  this  first  study  on  a 
photomultiplier  tube.  In  future  the  backscattered  light 
alignment  will  operate  with  a  suitable  photo  diode. 

For  the  application  of  Laser  Doppler 
Anemometry  at  the  Spherial  Couette  Flow  Experiment 
a  special  traversing  system  has  been  designed  where 
the  optical  probe  is  mounted  at  a  circularity  formed 
guide  bar  across  the  experimental  shell.  The  laser  is 
connected  via  a  fiber  with  the  optical  probe  (see  Fig. 
6).  The  fluid  experiment  cell  is  placed  in  the  center  of 
the  field  of  view  for  an  additional  observation  with 
digital  cameras  for  two  directions. 


Fig.  8  Close  by  view  of  the  optical  and  traversing 
components  of  the  first  breadboard  prototype.  The 
circle  marked  area  indicates  the  measuring  volume. 

The  application  of  LDA  techniques  and  visual 
observation  on  the  Spherical  Couette  Flow 
Experiment  requires  an  optical  correction  for  the 
accurate  determination  of  the  probe  volume  locations 
and  for  the  interference  fringe  spacing  due  to 
refraction  effects  of  the  spherical  outer  surface. 
Because  of  the  radial  adjustment  of  the  optical  probe 


the  optical  axis  of  the  front  lens  passes  perpendicular 
through  the  surface  of  the  outer  spherical  shell.  As  a 
consequence  the  correction  for  the  two  laser  beams, 
which  are  in  the  same  plane,  could  be  calculated  for  a 
cylindrical  surface.  However,  the  fact,  that  a  small 
probing  volume  is  needed  to  produce  sufficient  spatial 
resolution,  which  could  be  obtained  only  by  a  large 
intersection  angle,  the  small-angle  aproximation 
cannot  be  used  in  this  case.  The  application  of  the 
optical  correction  method  for  the  Spherical  Couette 
Flow  Experiment  is  discribed  in  Meiering  (1993). 
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ABSTRACT 

In  order  to  measure  the  local  velocity  field 
in  opaque  fluid  flows  like  blood  flow,  a  new  laser 
Doppler  velocimeter  has  been  newly  developed.  It 
has  a  pickup  consisting  of  a  small  distributed 
index  lens  attached  at  the  tips  of  two  fibers  which 
are  joined  side  by  side  in  parallel.  The  distributed 
index  lens  has  a  tip  the  shape  of  an  obliquely 
truncated  cone.  In  order  to  measure  blood  velocity 
of  higher  blood  concentration,  it  is  necessary  to 
improve  signal  quality  from  the  sensor  and  to 
receive  stronger  scattered  light.  Therefore  we  have 
developed  a  technique  to  reduce  of  reflected  light 
and  to  increase  signal  receivable  area  using  higher 
numerical  aperture  (NA)  optical  fiber  and 
distributed  index  (DI)  lens  with  oblique  end. 

1.  INTRODUCTION 

Although  knowledge  of  the  detailed  local 
velocity  field  in  blood  flow  through  bifurcation, 
curved,  tapered  and  small  vessels  is  very 
important,  it  is  difficult  to  measure  the  local 
velocity  field  in  such  flows  of  opaque  fluids  like 
blood  accurately  and  precisely  due  to  lack  of  an 
appropriate  measurement  method.  Ultrasound 
Doppler  velocimeter,  which  is  widely  used  in  the 
medical  field,  has  disadvantage  of  low  spatial 
resolving  power.  Tanaka  and  Benedek  (1975) 
developed  a  fiber  optic  catheter  for  an  in  vivo 
measurement  of  blood  velocity.  Their  catheter  was. 


however,  not  capable  of  local  measurement.  This 
was  because  the  pickup  of  their  catheter  consisted 
of  a  single  fiber,  and  therefore  the  velocity  signal 
originated  from  a  stagnation  region  of 
the  flow  field  around  the  fiber  tip  has  a  dominant 
contribution  to  the  LDV  signal,  because  light 
intensity  is  strongest  near  the  fiber  tip  and  it 
becomes  weaker  as  the  measuring  volume  becomes 
farther  away  from  the  fiber  tip.  A  special 
technique  for  signal  processing  is  required  in 
order  to  obtain  the  correct  velocity.  Kilpatrick  et 
al.  (1982)  and  Nishihara  et  al.  (1982)developed 
modified  types  of  the  mono-fiber  LDV  probe. 
Their  systems,  however,  suffered  from  the  same 
disadvantage  as  the  above-mentioned  one. 
Whereas,  a  fringe  mode  fiber  optic  LDV 
developed  by  Knuhtsen  et  al.  (1982)  has  a 
different  disadvantage  in  that  its  large  pickup 
inevitably  disturbs  flow. 

In  order  to  measure  the  local  velocity  field 
in  blood  flow,  a  new  LDV  has  been  developed  to 
overcome  such  disadvantages  (1982)(1983).  In  our 
previous  work  we  developed  a  dual-fiber  optic 
LDV  for  blood  flow  measurement.  This  LDV  had  a 
pickup  consisting  of  a  small  distributed  index  (DI) 
lens  attached  at  the  end  of  two  fibers  which  were 
joined  side  by  side  in  parallel.  The  distributed 
index  lens  had  a  tip  of  the  shape  of  a  truncated 
cone  (1993).  It  was  shown  that  the  LDV  was  able 
to  measure  bovine  blood  velocity  of  blood 
concentration  around  20%,  which  is  defined  as  the 
volumetric  ratio  of  blood  volume  to  the  volume  of 
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mixture  of  blood  and  physiological  sodium 
chloride  solution  (1996).  In  order  to  measure 
blood  velocity  of  higher  blood  concentration,  it 
was  necessary  to  improve  signal  quality  from  the 
sensor  and  to  receive  stronger  scattered  light. 
Therefore  we  have  developed  a  technique  to 
reduce  reflected  light  and  to  increase  signal 
receivable  area. 

2.  MEASUREMENT  PRINCIPLE  AND  PROCEDURE 

A  schematic  diagram  of  the  present  fiber 
optic  LDV  is  shown  in  Fig.l.  The  pickup  consists 
of  two  graded  index  silicon  optical  fibers  and  a 
distributed  index(DI)  lens  having  the  shape  of  like 
a  truncated  cone,  which  is  attached  at  the  end  of 
the  two  fibers.  The  two  fibers  are  joined  side  by 
side  in  parallel,  one  of  which  is  a  transmitting 
fiber  and  the  other  is  receiving  one.  Laser  beam  is 
emitted  into  fluid  from  the  DI  lens,  and  is 
converged  to  the  minimum  diameter  at  a  focal 
point,  which  is  considered  to  be  the  measuring 
(sampling)  volume.  The  scattered  light  from 
scattering  particles  in  fluid  flow  is  collected  by  the 
receiving  fiber  via  DI  lens. 

The  Doppler  frequency  fD  is  related  to  the 
flow  velocity  u  by  the  following  equation. 


fo  "  2~\u\cosd 

A« 

Where  6  is  the  angle  between  u  and  the  axis  of 
the  laser  beam  emitted  from  the  DI  lens,  n  is  the 
refractive  index  of  fluid,  and  A  0  is  the  wave  length 
of  laser  light  in  vacuum. 

A  schematic  diagram  of  the  present  LDV 
system  is  shown  in  Fig.2.  The  system  works  in  the 
mode  of  reference  beam.  A  part  of  the  laser  beam 
emitted  from  the  transmitting  fiber  is  reflected  at 
the  tip  of  the  DI  lens,  which  is  used  as  a  reference 
beam  (local  oscillator  light).  The  DI  lens  is  a 
product  of  the  Japan  Sheet  Glass  Co. Ltd.,  having 
2mm  in  diameter  and  0.46  in  pitch.  The  focal 
length  in  water  is  0.7mm  for  the  case  of  He-Ne 
laser.  A  multimode  G.I.  fiber  of  50 Mm  in  core 


diameter  and  125  Mm  in  cladding  has  been  used. 
The  Doppler  signal  is  processed  by  a  commercial 
spectrum  analyzer,  HP  Model  8553B/8552B. 

Laser  light  is  emitted  from  one  of  the  fibers 
and  received  by  a  PIN  photo  diode  through  the 
other.  In  the  present  experiment  the  open  channel 
for  fluid  flow  has  been  used.  An  annular  channel 
filled  with  white  pigment  (titanium  oxide) 
particles  intermixed  into  water  is  put  on  the 
rotating  disc  (turn  table)  which  rotates  at  a 
constant  speed.  The  LDV  pickup  was  inserted  into 
the  fluid  flow  from  the  free  surface  at  an 
inclination  angle  of  130  . 
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Fig.l  Schematic  diagram  of  the  pickup  of  the 
present  fiber  optic  laser  Doppler  velocimeter. 
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Fig.2  Schematic  diagram  of  the  optical  and  signal 
processing  system 
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3.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

3.1  Measurement  of  Velocity  Using  Obliquely 
Truncated  Cone  DI  Lens 

For  raising  a  signal  quality  it  is  very 
important  to  reduce  reflected  light.  The  laser  light 
reflecting  from  the  output  end  of  the  DI  lens  is 
detected  by  photomultiplier  through  receiving 
optical  fiber.  The  high  intensity  of  the  reflected 
light  in  the  detected  light  deteriorates  the  signal 
quality.  Hence  in  our  newly  developed  DI  lens  of 
truncated  cone  shape,  we  adopted  an  oblique  end 
to  make  the  reflected  light  from  the  output  end 
divert  to  outside  of  the  DI  lens.  A  schematic 
diagram  of  the  obliquely  DI  lens  of  truncated  cone 
shape  is  shown  in  Fig. 3. 

The  effect  of  the  obliquely  truncated  cone 
DI  lens  on  the  quality  of  the  laser  Doppler  signal 
which  is  scattered  from  white  pigment  (titanium 
oxide)  particles  intermixed  into  water  has  been 
examined  experimentally.  The  experimental 
results  are  shown  in  Fig. 4. The  horizontal  axis 
shows  a  frequency,  the  vertical  axis  shows  P.D.F. 
of  LDV  signal.  The  vertical  lines  of  each  graph 
show  the  frequency  which  corresponds  to  the  real 
velocity  calculated  from  the  relationship  ve  =  a>r. 
The  result  shows  that  it  can  measure  the  pigment 
velocity  at  a  little  higher  concentration  compared 
with  the  case  of  using  the  truncated  cone  DI  lens. 


Fig. 3  Schematic  diagram  of  obliquely  truncated 
cone  DI lens 


3.2  Measurement  of  Velocity  Using  Optical  Fiber 
of  Higher  Numerical  Aperture 


In  order  to  receive  stronger  scattered  light,  it 
is  necessary  to  increase  the  signal  receivable  area, 
which  is  an  area  overlapped  by  the  laser 
transmitting  area  and  the  receiving  area,  shown  as 
a  hatched  area  in  Fig.3.  Only  the  scattered  light 
from  a  red  blood  cell  in  this  area  can  be  received 
by  the  sensor.  In  order  to  expand  the  signal 
receivable  area  a  probe  which  has  a  receiving 
optical  fiber  of  higher  numerical  aperture  (NA) 
has  been  examined  experimentally. 

The  results  are  shown  in  Fig.5.  The  results 
showed  that  expansion  of  the  receivable  angle  by 
using  higher  N.A.  optical  fiber  did  not  contribute 
to  receiving  stronger  scattered  light.  It  is  because 
that  this  sensor  detects  only  the  scattered  light  on 
the  line  which  passes  through  the  focal  point  of  the 
receiving  area  and  within  the  receivable  area. 


C=0.4g/I  C=0.8g/1  C=1.2g/1  C=1.6g/1  C=2.0g/1 


(a)  In  the  case  of  truncated  cone  DI  lens 


C=0.8g/1  C=1.2g/1  C=1.6g/1  C=2.0g/1  C=2.4g/1 

(b)  In  the  case  of  obliquely  truncated  cone  DI  lens 
Fig. 4  Effect  of  different  type  DI  lens  on  LDV 
signal 
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3.3  Experiments  with  a  Probe  Using  Multimode 

Coupler  and  Both  the  Optical  Fiber  and  DI 

Lens  With  Oblique  End 

For  receiving  stronger  scattered  light  it  is 
necessary  to  overlap  the  laser  transmitting  area 
and  the  receiving  area  completely.  Hence,  we 
propose  a  new  probe  which  consists  a  coupler  for 
graded  index  fiber  (multimode  coupler).  A 
schematic  diagram  of  the  LDV  system  using  a 
multimode  fiber  is  shown  in  Fig. 6.  By  using  the 
multimode  coupler,  it  is  possible  to  join  the 
transmitting  and  receiving  fibers  into  a  single  fiber 
before  connecting  to  the  probe.  Therefore 
transmitting  and  receiving  areas  can  overlap  each 
other  completely.  And  as  a  result,  the  largest 
receivable  area  is  obtained.  However,  at  the  same 
time  it  increases  the  intensity  of  reflecting  light 
because  laser  light  reflects  not  only  at  output  end 
but  also  at  input  end  of  the  DI  lens.  Hence  a  new 
method  of  installation  of  the  DI  lens  using  both  the 
optical  fiber  and  the  DI  lens  with  oblique  end  have 
been  developing.  The  optical  fiber  and  DI  lens  are 
connected  at  their  oblique  end.  The  reflecting  light 
from  fiber  input  end  can  not  transmit  in  the  optical 
fiber  because  reflecting  angle  is  higher  than  the 
critical  angle  of  transmitting  in  the  optical  fiber. 

The  effect  of  the  new  probe  using  multimode 
coupler  and  both  the  optical  coupler  and  DI  lens 
with  oblique  end  on  the  quality  of  the  laser 
Doppler  signal  has  been  examined  experimentally. 
In  this  experiment  insertion  angle  of  probe  is 

110°  instead  of  130°  . 

The  results  are  shown  in  Fig. 7.  The  result 
shows  that  it  is  possible  to  measure  the  velocity 
for  the  pigment  concentration  up  to  3.6  g/3.  But 
their  signals  are  faster  than  the  real  velocity 
calculated  from  the  relationship  vg  =  (Or. 


)  400  0  400  O  400  0  400  0  400 

I,  kHz  l0  kHz  f„  kHz  l„  kHz  I.  kHz 

C=0.4g/I  C=0.8g/i  C=1.2g/!  C=l.6g/I  C=2.0g/I 


Fig.5  Effect  of  probe  which  has  a  receiving  optical 
fiber  of  hinher  NA  on  LDV  signal 
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Fig. 6  A  schematic  diagram  of  the  LDV  system 
using  a  multimode  fiber. 
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Fig.7  The  effect  of  probe  using  multimode  coupler 
and  both  the  optical  coupler  and  DI  lens 
with  oblique  end  on  LDV  signal 
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CONCLUDING  REMARKS 

The  followings  have  been  elucidated  from 
the  above-mentioned  experiments 

(1)  A  fiber  optic  LDV  sensor  having  an  obliquely 
truncated  cone  DI  lens  can  measure  the  pigment 
velocity  at  a  little  higher  concentration  compared 
with  the  case  of  using  truncated  cone  DI  lens. 

(2)  The  probe  which  has  the  receiving  optical  fiber 
of  higher  numerical  aperture  (N.A.)  for  expanding 
the  receivable  angle  does  not  contribute  to 
receiving  stronger  scattered  light. 

(3)  The  probe  using  multimode  coupler  and  both 
the  optical  coupler  and  DI  lens  with  oblique  end  is 
possible  to  measure  the  velocity  for  the  pigment 
concentration  up  to  3.6g/l.  But  their  signals  are 
faster  than  the  real  velocity  calculated  from  the 
relationship  v  g  =  CO  r. 
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ABSTRACT 

Pulsatile  flow  in  a  constricted  pipe  with  a  cross- 
sectional  area  reduction  of  75  %  at  Remax=8600  is 
studied  by  means  of  DPIV  measurements  and  nu¬ 
merical  simulations.  Detailed  two-dimensional 
information  about  the  flow  field  downstream  of  the 
constriction  is  provided.  The  flow  is  analysed  in 
terms  of  phase  average  and  fluctuating  velocities. 
Measured  velocities  are  generally  in  good  agreement 
with  simulations.  During  early  systole  the  flow 
resembles  a  starting  jet  flow.  Growing  shear  instabili¬ 
ties  rapidly  makes  the  jet  turbulent.  The  flow  field  at 
peak  systole  and  in  the  decelerating  phase  is  turbulent 
with  large  fluctuations  in  the  jet  shear  layer.  The 
estimated  wall  shear  stress  shows  large  spatial  and 
temporal  variations  during  early  systole.  At  peak 
systole  and  in  the  decelerating  phase,  the  mean  wall 
shear  stress  is  negative  in  a  region  1.5  pipe  diameters 
downstream  of  the  constriction.  The  fluctuating  wall 
shear  stress  values  are  however  as  large  as  the  mean 
values  in  this  region. 

1.  INTRODUCTION 

Pulsatile  flow  passing  through  a  constriction  in  a 
pipe  or  a  channel  is  found  in  a  large  variety  of  practi¬ 
cal  realizations.  Our  interest  is  mainly  in  biological 
flows,  and  with  special  emphasis  on  flow  through 
constricted  arteries,  i.e.  arteries  subject  to  atheroscle¬ 
rotic  lesions. 

Blood  flow  in  the  arteries  is  pulsatile  with  a  fre¬ 
quency  determined  by  the  heart.  The  flow  in  the 
arterial  system  is  generally  laminar,  but  as  the  peak 
Reynolds  number  at  rest  in  the  largest  arteries  is 
around  3000,  transition  to  turbulence  can  occur 
during  the  high  speed  part  of  the  cycle.  During 
exercise  the  peak  Reynolds  number  can  reach  even 
higher  values,  up  to  as  high  as  six  times  the  value  at 
rest,  Ku  (1997).  Local  defects  like  stenoses  can 


change  this  situation,  creating  intermittently  turbulent 
flow  for  much  lower  Reynolds  numbers.  From  one¬ 
dimensional,  inviscid  theory  we  know  that  an  area 
increase,  and  a  deceleration  of  the  flow  both  give  rise 
to  an  adverse  pressure  gradient,  and  hence  in  the 
poststenotic  area  we  can  expect  recirculation  zones 
during  the  cycle. 

In  straight  vessels,  the  most  important  nondimen- 
sional  fluid  mechanical  parameters  are  the  Reynolds 
number,  Re=UD/v,  the  Strouhal  number,  St=0)D/U, 
and  the  Womersley  number,  a=(StRe)'/72=D(w/v)/72. 
The  Strouhal  number  is  the  ratio  of  time  scale  for 
convection  to  the  time  scale  for  one  pulsatile  cycle, 
and  the  Womersley  number  is  the  square  root  of  the 
ratio  of  unsteady  forces  to  viscous  forces. 

In  the  biomedical  field,  one  of  the  most  important 
questions  is  the  presumed  relation  between  local 
hemodynamics  and  the  development  and  progression 
of  vascular  disorders.  In  the  arterial  tree,  pathological 
manifestations  are  found  primarily  at  certain  loca¬ 
tions:  the  inner  bend  of  the  aortic  arch,  the  carotid 
sinus,  the  curved  coronary  arteries  and  bifurcations. 
Ku  et  al.  (1985)  showed  that  plaque  formation  corre¬ 
lates  well  with  low  and  oscillating  shear  stress  in  the 
carotid  bifurcation.  Pritchard  et  al.  (1995)  performed 
experiments  that  show  that  the  adhesion  rate  of 
monocytes  is  correlated  with  the  magnitude  of  the 
shear  stress.  Adhesion  rate  increases  with  decreasing 
shear  stress.  In  vitro  experiments  on  how  vascular 
endothelium  responds  to  shear  stress  gradients, 
performed  by  De  Paola  et  al.  (1992),  reveals  that 
regions  of  enhanced  cell  division  is  limited  to  areas 
where  shear  stress  gradients  are  high.  In  poststenotic 
flows,  in  the  region  just  behind  the  constriction,  the 
wall  shear  stress  is  low  and  of  varying  sign,  which 
would  imply  an  increased  tendency  of  plaque  forma¬ 
tion. 

Previous  studies  of  pulsatile  flow  in  constricted 
tubes  include  the  experimental  work  of  Siouffi  et  al. 
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(1984)  and  Ahmed  and  Giddens  (1984).  Both  of  these 
used  LDA  velocity  measurements  together  with  flow 
visualization  to  study  the  post-stenotic  flow  pattern. 
Siouffi  et  al.  investigated  a  case  with  a  physiological 
type  of  inflow  corresponding  to  the  parameters 
Remax=320  and  a=6.  Their  measurements  showed  that 
for  a  constriction  with  a  cross-sectional  area  reduction 
of  75%,  the  flow  remains  laminar  throughout  the 
cycle,  with  a  recirculation  zone  that  changes  length 
and  strength  during  the  pulsatile  cycle.  The  experi¬ 
ments  by  Ahmed  and  Giddens  showed  that  for  flow 
with  Rem=610  (Remax=1000)  and  a=7.5  and  a  cross- 
sectional  area  reduction  of  75%,  the  flow  becomes 
unstable  during  the  cycle  with  vortex  shedding  and 
transition  to  turbulence.  Ojha  et  al.  (1989)  observed  a 
similar  behavior  for  a  flow  with  the  same  reduction  in 
cross-sectional  area,  and  with  Rem=575  (Reraax=935), 
and  a=7.5,  using  a  photochromic  tracer  method.  They 
showed  that  downstream  of  the  constriction,  transition 
to  turbulence  was  triggered  just  before  peak  flow, 
through  the  breakdown  of  waves  and  streamwise 
vortices  that  were  shed  in  the  shear  layer.  During  the 
turbulent  generating  part  of  the  cycle  the  poststenotic 
field  could  be  divided  into  four  different  regions:  a 
stable  jet  region,  a  transition  region,  a  fully  turbulent 
region,  followed  by  a  relaminarization  zone. 

This  study,  focusing  on  high  Reynolds  numbers, 
is  the  first  in  a  planned  series  of  PIV  measurements  of 
constricted  pipe  flows.  Physiologically,  the  high 
Reynolds  number  corresponds  to  exercise  conditions. 
The  geometry  represents  a  rather  severely  constricted 
straight  artery.  Previous  experimental  work  on  post¬ 
stenotic  flows  lack  detailed  instantaneous  two- 
dimensional  information  of  the  flow  field,  which  may 
be  obtained  by  PIV.  The  present  work  presents  phase- 
averaged  and  fluctuating  velocity  information  at  a  few 
positions  of  the  pulsatile  cycle.  A  detailed  picture  of 
the  spatial  and  temporal  evolution  of  the  starting 
structure  during  early  systole  is  presented.  The 
measured  starting  structure  is  also  compared  to  three- 
dimensional  numerical  simulations  of  the  same  flow. 

2.  METHODS 

2.1  Flow  System  and  Instrumentation 

The  geometry  of  the  idealized  stenosis  model  and 
a  principal  drawing  of  the  experimental  setup  are 
shown  in  Fig.  1.  The  employed  coordinate  axes  are 
also  indicated.  The  stenosis  model  is  made  by  plexi¬ 
glass,  and  has  a  cross-sectional  area  reduction  factor 
of  75%.  The  experimental  apparatus  consists  of  a 
liquid  membrane  pump,  which  delivers  a  pulsatile 
flow  with  systolic  and  diastolic  periods  of  approxi¬ 
mately  equal  duration.  During  the  systolic  phase,  a 
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Fig.  1  Schematic  drawing  of  experimental  setup 


Fig.  2  Nondimensional  flow  rate  versus  time.  A  4th 
order  polynomial  fit  is  shown  for  the  systolic  phase. 

volume  of  120  ml  is  delivered  from  the  pump, 
whereas  during  the  diastolic  phase  the  volume  flow  is 
zero.  The  pump  is  connected  via  a  settling  chamber  to 
a  straight  glass  pipe,  with  an  internal  diameter  of  21.7 
mm.  The  stenoses  model  is  fitted  in  the  glass  pipe  46 
diameters  downstream  of  the  outlet  of  the  settling 
chamber.  The  pipe  is  immersed  in  a  plexi-glass 
container  filled  with  water,  which  reduces  refraction 
effects  at  the  pipe  wall.  The  test  fluid  is  water  at  room 
temperature. 

All  data  are  made  dimensionless  using  as  a  refer¬ 
ence  length  scale  the  pipe  diameter  D=21.7  mm,  as  a 
reference  time  scale  the  period  of  the  pump  T=3.55  s, 
and  as  a  reference  velocity  scale  the  maximum  mean 
velocity  in  the  pipe  Umax=0.379  m/s.  In  terms  of 
nondimensional  parameters  the  flow  can  be  described 
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by  Remax=8560,  a=14.7  and  St=0.101.  The  volume 
flow  rate  as  a  function  of  time  is  shown  in  Fig.  2.  This 
was  obtained  by  integrating  PIV  velocity  measure¬ 
ments  in  the  pipe  just  after  the  settling  chamber. 

A  commercial  system  (LaVision)  is  used  for 
DPIV  measurements.  It  consists  of  a  high-resolution 
(1280x1024),  12  bit,  cross-correlation  CCD  camera,  a 
double  cavity  25  mJ  Nd:Yag  laser,  and  software.  The 
camera  and  laser  are  triggered  by  the  pump,  to  get 
measurements  at  a  specific  phase  of  the  cycle.  Meas¬ 
urements  are  performed  in  the  center-plane  of  the 
pipe  just  after  the  constriction.  One  pixel  corresponds 
to  35.7  pm,  which  means  that  the  measurement  plane 
covers  45.7  mm  of  pipe  length,  i.e.  about  two  pipe 
diameters.  Measurements  were  also  performed  just 
downstream  of  the  first  measurement  plane.  An 
interrogation  cell  size  of  32  pixels  with  50  %  overlap 
is  used.  This  means  that  we  get  37  vectors  across  the 
span  of  the  pipe  (though  not  representing  fully  inde¬ 
pendent  measurements).  The  light-sheet  thickness  is 
about  1.5  mm,  which  implies  that  the  interrogation 
volumes  are  approx,  of  cubic  shape.  This  is  adequate, 
since  we  expect  that  the  out-of-plane  motion  is  of  the 
same  order  of  magnitude  as  the  in-plane  motion.  With 
an  image  magnification,  M=0.188,  and  a  numerical 
aperture,  f*=16,  the  depth  of  field  is  estimated  to 
about  2  cm,  which  is  far  wider  than  the  light-sheet 
thickness.  The  time-separation  between  the  pulses  is 
adjusted  according  to  the  one-quarter  rule,  i.e.  the 
maximum  particle  displacement  is  allowed  to  be 
about  8  pixels.  The  flow  is  seeded  with  particles 
named  Vestosint  (Huls  GmbH),  with  a  size  around  15 
pm.  The  particle  density  is  about  12  per  interrogation 
area,  computed  with  a  threshold  set  to  three  times  the 
background  noise  level.  This  ensured  that  the  number 
of  spurious  vectors  were  low  enough  to  be  able  to  sort 
them  out  by  the  post-processing  algorithm.  The 
particle  image  diameter  is  about  3.5  pixels. 

2.2  DPIV  Algorithm  and  Error  Estimate 

The  software  provided  with  the  DPIV  system 
performs  a  cross-correlation  analysis  to  determine  the 
average  particle  displacement  in  the  interrogation 
areas.  The  sub-pixel  interpolation  is  done  with  a 
center-of-mass  algorithm,  where  the  lowest  value  in  a 
3x3  area  around  the  correlation  peak  first  is  sub¬ 
tracted  from  all  other  correlation  values.  The  most 
often  recommended  sub-pixel  interpolation  method  is 
to  fit  a  Gaussian  distribution  to  the  correlation  peak, 
see  e.g.  Westerweel  et  al.  (1996).  Preliminary  com¬ 
parisons  of  the  present  center-of-mass  estimate  and  a 
Gaussian  fit  showed  a  maximum  difference  of  about 
0.1  pixel.  A  more  complete  evaluation  is  under  way. 


For  the  post-processing  of  the  vector  fields,  an  in- 
house  algorithm  was  developed,  which  comprises  a 
local  median  test  to  remove  stray  vectors,  filling  up  of 
empty  spaces,  and  finally  a  light  smoothing  filtering 
to  remove  high-frequency  noise.  In  the  local  median 
test,  the  median  velocity  in  a  3x3  region  around  the 
vector  to  be  tested  was  first  computed.  This  was  done 
individually  for  each  component.  The  allowed  devia¬ 
tion  from  the  median  was  fixed  for  the  whole  vector 
field  to  about  ±2  pixels  for  both  components.  If  the 
highest  correlation  peak  did  not  pass  the  median  test, 
the  next  highest  peak  was  tested,  and  so  forth  down  to 
the  fourth  highest  peak.  Places  where  no  acceptable 
vector  could  be  found  were  filled  up  with  the  average 
velocity  of  the  neighboring  8  vectors.  The  median  test 
was  repeated  once  with  a  filling-up  pass  in  between. 
This  post-processing  algorithm  was  found  very 
effective.  For  a  complete  vector  field  of  more  than 
2500  vectors,  only  a  few  suspicious  vectors  remained, 
which  could  be  corrected  manually.  At  last  a  Gaus- 
sian-like  3x3  smoothing  filter  was  applied,  with  a 
standard  deviation  of  0.6  vector  spacings,  which 
implies  a  filter  kernel  with  a  center-to-comer  ratio  of 
16.  In  all  stages  of  the  post-processing,  no-slip 
condition  at  the  pipe  walls  was  assumed,  which 
improved  the  near  wall  behavior  of  the  algorithm. 

The  uncertainty  in  the  displacement  calculation  is 
estimated  to  0.1  pixel,  which  for  a  maximum  dis¬ 
placement  of  8  pixels  gives  an  accuracy  of  at  best  1  % 
for  the  velocity  estimate.  Locally  the  present  flow  has 
very  large  gradients.  In  these  areas  we  can  expect  a 
gradient  bias  error  towards  the  smaller  velocity  in  the 
interrogation  areas.  The  smallest  scales  that  can  be 
resolved  are  about  1  mm,  which  is  of  the  order  of  the 
Taylor  microscale.  The  Kolmogorov  scale  for  the 
present  flow  is  estimated  to  about  30  pm,  which  is 
similar  to  the  pixel  size.  Near  the  pipe  walls,  there  are 
small  errors  in  the  location  and  size  of  the  interroga¬ 
tion  areas,  due  to  refraction  at  the  curved  pipe  wall, 
and  due  to  image  distortion  by  the  camera  lens.  This 
combined  error  is  of  the  order  of  one  pixel,  and  it  was 
not  corrected  for. 

Phase  average  velocity  fields  were  computed 
from  sets  of  N=10  or  N=30  instantaneous  velocity 
fields.  According  to  Moffat  (1988),  the  uncertainty  in 
the  estimate  of  the  mean  is  SfNv\  where  S  is  the 
standard  deviation  of  the  N  individual  measurements. 
For  N=10,  the  true  standard  deviation  o  lies  between 
0.70  S  and  1.75  S,  and  for  N=30  between  0.80  S  and 
1.34  S. 

2.3  Numerical  Methods 
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The  fluid  is  an  incompressible  Newtonian  fluid, 
which  is  governed  by  the  Navier-Stokes  equations.  In 
Cartesian  tensorial  form  they  read 


du 

dx; 


j  _ 


=  0  , 


du ,■  dujUj  _  1  dp  d 

dt  dxj  p  dx,  dxj  dxj 


(1) 

(2) 


The  spatial  discretization  is  performed  on  a  three- 
dimensional  Cartesian  grid,  using  a  third-order 
upwind  scheme  for  the  convective  terms.  The  other 
terms  are  discretized  by  a  fourth-order  central  differ¬ 
ence  scheme.  The  time  integration  is  done  by  a  three 
time-level  second-order  implicit  scheme. 

The  flow  is  modeled  from  the  beginning  of  the 
constant  area  in  the  constriction.  At  the  pipe  wall,  no¬ 
slip  conditions  are  assumed.  At  the  entry  section,  a 
uniform  velocity  profile  is  assumed  with  a  magnitude 
equal  to  the  instantaneous  volume  flow  rate  in  the 
experiments  divided  by  the  cross-sectional  area  of  the 
constriction.  The  flow  is  unforced,  i.e.  no  explicit 
disturbances  are  added  to  the  inflow.  Only  distur¬ 
bances  from  numerical  round-off  errors  and  internal 
loop  iterations  are  present.  At  the  outflow  section, 
which  is  located  12  pipe  diameters  downstream  of  the 
constriction,  a  Neumann  condition  is  used  for  the 
velocity  in  the  direction  normal  to  the  outlet  plane. 
The  computational  domain  is  covered  by  a  hierarchy 
of  global  grids,  and  one  local  grid  extending  from  the 
inlet  to  6  diameters  downstream.  The  local  grid  has  a 
resolution  of  120x48x48  cells  in  the  x,  y  and  z  direc¬ 
tions,  respectively.  The  nondimensional  time  step  is 
0.16T0'3,  which  means  that  one  complete  cycle  is 
covered  with  6250  time  steps.  Due  to  the  high  com¬ 
putational  demand,  only  one  complete  cycle  was 
simulated.  The  spanwise  resolution  is  slightly  better 
than  in  the  PIV  measurements,  but  still  the  smallest 
scales  are  not  resolved.  As  we  do  not  use  an  explicit 
subgrid  scale  model  for  the  non-resolved  scales, 
energy  is  drained  from  the  large  scales  by  dissipation 
provided  by  the  numerical  scheme. 


3.  RESULTS  AND  DISCUSSION 
3.1  Accelerating  phase 

The  flow  pattern  associated  with  the  early  accel¬ 
eration  phase  is  essentially  deterministic,  i.e.  the 
difference  between  ensemble  averaged  data  and 
instantaneous  data  is  small.  Figure  3  shows  measured 
and  simulated  velocity  fields  at  four  instants  of  the 
early  accelerating  phase.  Only  one  half  of  the  flow 
field  is  shown.  The  flow  is  nearly  symmetric.  The 
measured  fields  are  phase  averages  of  10  measure- 
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Fig.  3  Measured  phase  average  velocity  fields  (up¬ 
per),  compared  to  instantaneous  simulated  fields 
(lower),  at  early  accelerating  phase. 

ments,  whereas  the  simulated  fields  are  instantaneous. 
Note  that  the  streamwise  resolution  of  the  simulated 
flow  is  lower.  The  starting  flow  is  characterized  by  a 
uniform  flow  ahead  of  a  jet  flow  progressing  from  the 
constriction.  In  Fig.  3b,  a  vortex  has  formed  in  the  jet 
shear  layer.  This  main  vortex  moves  downstream  at  a 
similar  speed  to  the  jet  front.  Due  to  interaction  with 
the  pipe  wall,  the  main  vortex  is  stretched  while 
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Fig.  4  Streamwise  velocity  component  along  center- 
line  for  the  same  cases  as  in  Fig.  3. 


Fig.  5  Velocity  field  at  t=0. 134  T.  Measured  phase 
average  (upper),  measured  instantaneous  (middle) 
and  simulated  instantaneous  (lower). 
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progressing  downstream.  In  Fig.  3d,  additional 
vortices  have  formed  behind  the  main  vortex. 

The  overall  agreement  between  measurements 
and  computations  in  Fig.  3  is  good.  This  is  further 
quantified  in  Fig.  4,  where  the  center-line  velocities 
are  shown  for  the  same  data  as  in  Fig.  3.  The  com¬ 
puted  values  in  the  jet  core  are  about  10  %  lower  than 
the  measured.  This  can  be  explained  by  a  contraction 
effect  of  the  real  flow  in  the  throat  of  the  constriction. 
The  simulated  flow  did  not  show  any  contraction,  as 
it  was  started  just  downstream  of  the  leading  edge  of 
the  throat.  Note  that  the  local  increase  in  the  jet  core 
velocity,  seen  in  Fig.  4  around  x=0.7D  for  curve  d,  is 
caused  by  the  contraction  effect  of  the  main  vortex. 

After  t=0.12T  the  difference  between  instantane¬ 
ous  and  phase  averaged  velocities  becomes  larger. 
Figure  5  shows  measured  phase  averaged  and  instan¬ 
taneous  velocity  fields  compared  to  simulated  data  at 


Fig.  6  Fluctuating  streamwise  velocity  at  three 
instants  of  accelerating  phase 

t=0.134T.  The  mean  field  was  computed  from  N=30 
measurements.  The  real  instantaneous  flow  is  more 
disordered  than  the  simulated,  which  may  be  ex¬ 
plained  by  a  higher  upstream  disturbance  level  in  the 
real  flow. 

The  streamwise  velocity  fluctuations  at  three  in¬ 
stants  up  to  t=0.134T  are  shown  in  Fig.  6.  The  fluc¬ 
tuations  are  at  first  high  mainly  in  the  shear  layer 
immediately  after  the  constriction,  Figs.  6a  and  6b.  In 
part  these  high  fluctuations  can  be  explained  by  the 
insufficient  PIV  resolution  of  the  thin  jet  shear  layer. 
Depending  on  the  instantaneous  tracer  particle  distri¬ 
bution  in  an  interrogation  area  in  the  shear  layer,  the 
highest  correlation  peak  may  correspond  to  either  a 
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Fig.  7  Velocity  field  at  t=0.24  T.  Measured  phase 
average  (upper),  measured  instantaneous  (middle) 
and  simulated  instantaneous  (lower). 

high  or  a  low  velocity,  which  gives  large  fluctuations. 
At  t=0.134T,  Fig  6c,  the  velocity  fluctuations  are 
more  evenly  spread  over  the  flow  field,  but  still  they 
are  small  in  the  jet  core. 

Transition  to  turbulence  evolves  differently  in  the 
measured  flow  field  and  in  the  simulated.  In  the 
measured  field,  the  breakdown  to  turbulence  is  more 
rapid,  most  likely  due  to  a  higher  upstream  distur¬ 
bance  level.  In  the  simulations,  transition  to  turbu¬ 
lence  occurs  close  to  peak  flow  by  the  breakdown  of 
axisymmetric  and  helical  structures.  This  transition  is 
preceded  by  a  continuous  increase  of  the  streamwise 
vorticity.  Cohen  and  Wygnanski  (1987)  investigated 
the  evolution  of  instabilities  in  a  steady  axisymmetric 
jet.  They  showed  that  close  to  the  jet  inlet,  a  large 
range  of  modes  are  amplified,  which  suggests  a  high 
sensitivity  of  the  present  flow  to  disturbances  from 
the  throat. 

3.2  Peak  and  decelerating  phase 


-  t/T=  0.24 
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Fig.  8  Data  of  streamwise  velocity  component  along 
center-line  at  three  instants  of  decelerating  phase. 

(a)  Measured  phase  average,  (b)  Measured  rms. 

(c)  Instantaneous  data  from  simulation. 

We  now  turn  to  the  turbulent  peak  flow  and  two 
subsequent  instants  during  the  decelerating  phase. 
Figure  7  shows  the  measured  phase-averaged  velocity 
field,  obtained  from  N=30  samples,  and  measured 
and  computed  instantaneous  fields  at  peak  flow  rate. 
Large  scale  vortices  with  similar  wave  lengths  are 
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Fig.  9  Fluctuating  streamwise  velocity  at  t=0.24  T. 


present  in  both  the  measured  and  simulated  instanta¬ 
neous  velocity  fields.  Analysing  the  frequency  con¬ 
tent  of  the  simulated  axial  velocity  at  a  point  on  the 
center-line,  0.5  D  downstream  of  the  constriction, 
reveals  two  peaks  in  the  frequency  spectrum  corre¬ 
sponding  to  the  Strouhal  numbers  0.22  and  0.44 
(based  on  the  frequency  f=l/T,  peak  axial  velocity 
and  throat  diameter).  The  most  amplified  frequency  in 
a  free  circular  jet  corresponds  to  a  Strouhal  number  of 
0.3,  Crow  and  Champagne  (1970). 

Figures  8a  and  8b  show  the  measured  phase  aver¬ 
aged  and  fluctuating  streamwise  velocity  along  the 
center-line  for  peak  flow  and  two  later  instants.  The 
most  striking  feature  is  the  rapid  decay  of  the  stream- 
wise  velocity  around  two  diameters  downstream  of 
the  constriction,  for  the  two  highest  flow  rates.  This  is 
also  the  location  where  the  velocity  fluctuations  reach 
a  maximum.  The  discontinuities  in  Fig.  8a  are  be¬ 
cause  the  data  upstream  and  downstream  of  x=2D 
were  acquired  at  different  times,  with  a  camera 
movement  in  between,  so  the  phase  averages  were  not 
computed  from  the  same  set  of  instantaneous  data. 
For  N=30  measurements  the  uncertainty  in  the  mean 
for  peak  flow  at  x=2D  may  be  estimated  using  the 
rms  data  to  around  0.25Umax.  Additional  error  is  due 
to  misalignment  of  the  two  measurement  regions.  The 
instantaneous  simulated  axial  velocity  component 
along  the  center-line  is  shown  in  Fig.  8c  for  compari¬ 
son.  A  rapid  decay  of  the  axial  velocity  around  x=2D 
is  obtained  in  the  simulations  as  well.  Lieber  and 
Giddens  (1990)  made  similar  observations  for  a  flow 
with  Remax=1000,  cx=5.3,  and  a  constriction  with  a 
cross-sectional  area  reduction  of  90%.  In  their  meas¬ 
urements  the  place  with  rapid  decrease  of  the  center- 
line  velocity,  and  high  fluctuation  level  was  located 
approximately  5  to  6  diameters  downstream. 

Figure  9  shows  the  rms  data  of  the  velocity  at 
peak  systole.  The  fluctuation  level  is  high  in  the  jet 
shear  layer,  and  increases  somewhat  downstream.  The 


Fig.  10  Phase-averaged  first-order  estimate  of  non- 
dimensional  wall  shear  stress  (D/Umax)9u/3y. 

(a)  Three  instants  at  early  systole  with  comparison 
to  instantaneous  data  from  simulation,  (b)  Three 
instants  at  peak  and  decelerating  phase,  (c)  Rms 
data  for  the  same  cases  as  in  diagram  (b). 


relatively  undisturbed  jet  core  region  is  clearly 
visible. 

3.3  Wall  shear  stress  estimates 

Figure  10a  shows  the  variation  of  shear  stress  at 
three  different  instants  during  the  starting  phase.  As  a 
result  of  the  movement  of  the  main  vortex,  the  wall 
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region  experiences  large  spatial  and  temporal  velocity 
gradients  during  this  part  of  the  cycle.  The  simulated 
wall  shear  has  a  similar  amplitude  as  the  measured 
shear,  albeit  a  small  shift  in  phase.  Figure  10b  shows 
the  phase  averaged  shear  stress  at  peak  flow  and  two 
subsequent  instants  in  the  decelerating  phase.  The 
mean  shear  stress  is  negative  in  a  region  extending 
approximately  1.5  D  downstream  of  the  constriction. 
The  magnitude  of  the  phase  averaged  values  is  lower 
than  the  peak  values  in  the  starting  phase,  but  as 
shown  in  Fig.  10c  the  fluctuation  level  is  high.  Espe¬ 
cially  around  the  reattachment  point  the  fluctuations 
are  much  higher  than  the  phase  averaged  values. 

According  to  Lieber  and  Giddens  (1990),  arteries 
of  several  species,  including  man,  tend  to  adjust  their 
diameters  permanently  such  that  the  mean  wall  shear 
stress  is  in  the  range  of  1-2  N/m2.  They  also  suggest 
that  intimal  thickening  in  the  neighbourhood  of  a 
constriction  in  the  aorta  requires  that  the  wall  shear 
stress  must  be  low  throughout  the  cycle.  Not  only  in 
the  mean  sense,  but  also  for  the  instantaneous  field. 
Their  suggestion  is  based  on  an  animal  study  on 
monkeys  where  it  has  been  shown  that  intimal  thick¬ 
ening  downstream  of  a  constriction  in  the  animal's 
aorta  correlates  better  with  the  absolute  value  of 
pulsatile  shear  stress  than  the  mean  value.  If  one 
scales  our  results  with  a  blood  viscosity  of  4T0 
kg/sm,  a  velocity  of  1.52  m/s  and  a  diameter  of  21.7 
mm,  one  finds  that  only  in  the  very  immediate  region 
behind  the  constriction,  the  shear  stress  is  lower  than 
1  N/m2  throughout  the  cycle.  This  implies  that  intimal 
thickening  will  not  progress  downstream  of  the 
constriction  for  the  present  flow  conditions  and 
geometry. 
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ABSTRACT 

The  behavior  of  airflow  through  the  lungs  is  largely 
affected  by  the  characteristics  of  the  flow  field  local  to 
each  bifurcation.  Characterizing  this  flow  field  allows 
understanding,  predicting  and  treating  pulmonary 
diseases.  This  paper  presents  a  current  investigation  of 
this  flow  through  an  in  vitro  model  of  multiple 
bifurcations.  Steady  and  unsteady  flow  conditions  have 
been  investigated  by  means  of  the  LDV  and  PIV 
measurement  techniques.  For  the  steady  case,  the 
comparison  between  LDV  and  PIV  measurements 
shows  a  good  agreement  between  velocity  profiles  at 
different  stations.  To  simulate  controlled  periodic 
flows,  a  system  of  4  pistons  has  been  designed  to 
control  the  flow  at  each  outlet  of  the  4  branches.  PIV 
measurements  have  been  performed  to  understand  the 
behavior  of  unsteady  bifurcating  flows  and  to  evaluate  a 
criterion  for  the  quasi-steadiness  of  periodic  flows.  The 
evolution  of  the  Wommersley  number  a,  parameter 
characterizing  the  behavior  of  unsteady  flows  in 
relation  to  the  time  dependent  growth  of  boundary 
layers  is  presented.  Moreover,  a  limit  based  on 
measurements  of  the  development  time  after  a  suddenly 
reversed  flow  is  also  discussed. 

1.  INTRODUCTION 

Chronic  pulmonary  illnesses  are  more  and  more 
frequent  in  our  environment  due  to  pollution  effects  or 
asthmatic  problems.  To  identify  the  factors  that  may  be 
contributing  to  breathing  disturbances  and  to  the 
contribution  of  the  effect  of  pollution  on  the  alterations 
in  breath  patterns,  a  better  understanding  of  the  human 
pulmonary  system  is  needed.  As  a  result,  fields  to  be 
investigated  are  mostly  flows  in  lungs  under  high 
breathing  frequency  and  aerosol  deposition  in  lung 
bifurcations  under  unsteady  conditions.  Moreover,  the 
respiration  pattern  has  to  be  better  understood  and 
investigated  to  have  the  possibility  to  determine  the 


appropriate  therapy  as  most  of  the  medical  treatments 
are  based  on  aerosol  deposition  in  the  bronchial  tree. 

This  task  is  by  no  means  a  simple  one  since  the  lung 
is  a  complex  network  of  successive  bifurcations.  The 
airways,  from  the  trachea  to  the  alveolar  zone,  divide 
by  dichotomy  and  become  shorter  and  narrower  as  they 
penetrate  deeper  into  the  lung.  As  a  result,  in  vivo 
investigations  of  pulmonary  flows  are  not  possible,  and 
in  vitro  experiments  have  to  be  performed  in  models. 
During  the  study  of  Corieri  (1994),  a  complete 
modeling  of  the  flow  in  a  three  dimensional  single 
bifurcation  has  been  made.  As  a  result  of  this  study,  it 
has  been  shown  that  the  first  bifurcation  influences  the 
flow  in  the  second  and  in  the  third  bifurcation  when  the 
length  of  the  second  bifurcation  is  not  long  enough.  To 
extend  the  investigations  to  a  system  of  three 
generations,  the  choice  of  the  pulmonary  zone  to  be 
studied  is  the  laminar  flow  zone.  To  study  the  complex 
flows,  a  2D  model  of  multiple  bifurcations  has  been 
designed.  Steady  and  unsteady  flows  have  been 
investigated  through  this  model  using  LDV  and  PIV 
techniques.  The  experimental  facility  will  first  be 
described.  Then  the  measurement  techniques  will  be 
presented,  and  results  for  steady  and  unsteady  flows 
will  be  discussed. 

2.  EXPERIMENTAL  MODEL 

The  experimental  model  represents  two-dimensional 
multiple  symmetrical  bifurcations.  It  has  been  designed 
following  the  description  of  Weibel  (1963)  concerning 
the  lung  geometry.  The  characteristic  dimension  such  as 
the  length  to  width  branch  ratio  is  equal  to  3.27.  The 
branching  width  ratio  between  two  successive 
generations  of  bifurcations  is  equal  to  0.8  and  the  angle 
of  branching  (0  =  70°)  has  been  chosen  following  the 
dimensions  of  lung  geometry  described  by  Hammersley 
and  Olson  (1992)  and  also  reported  by  Pedley  (1977). 
The  model  has  been  built  using  rectangular  tubes  made 
of  Plexiglas  to  allow  the  optical  access.  The  model 
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therefore  has  a  two  dimensional  geometry  with  the 
dimensions  scaled  up  from  the  lung  characteristics.  The 
angles  of  the  model  are  sharp. 

A  sketch  of  the  facility  is  represented  on  figure  1. 
The  set-up  is  composed  of  the  bifurcation  model.  At  the 
outlet  of  the  four  branches,  four  Venturi  tubes  allow  the 
determination  of  the  flow  rate  passing  in  each  tube. 
Four  pistons  are  placed  after  the  Venturi  tubes.  The 
flow  in  the  model  is  a  gravity  flow  and  the  velocity  can 
be  controlled  using  four  needle  valves  placed  after  the 
four  pistons.  A  system  of  stagnation  tanks  and 
downstream  overflow  tanks  allow  the  creation  of  a 
uniform  steady  flow.  To  avoid  any  unsteadiness  caused 
by  the  interaction  between  branches,  the  un-coupling 
system  of  outlet  tubes  has  been  installed.  A  stagnation 
tank  is  placed  at  the  top  of  the  bifurcation  to  create  a 
smoother  entrance  that  leads  to  better-developed  flow  at 
the  test  section.  Furthermore,  an  overflow  tank 
maintains  a  uniform  and  adjustable  downstream 
pressure.  Typical  dimensions  of  the  facility  are  the 
following:  the  mother  branch  has  a  length  of  96.0  cm 
and  a  width  of  3.0  cm.  The  first  daughter  branches  are 
7.86  cm  long  and  2.4  cm  wide.  The  second  daughter 
branches  are  15.36  cm  long  and  1.92  cm  wide.  The 
depth  of  the  channels  is  constant  throughout  the  entire 
facility  and  equal  to  9.0  cm. 

The  piston  system,  located  downstream  of  the  test 
section  but  before  the  outlet  tank,  allows  the  creation  of 
an  unsteady  flow  through  the  bifurcation.  In  this  way, 
the  gravity  flow  principle  will  be  conserved.  In  order  to 
keep  the  four  outlets  independent  of  one  another,  it  was 
necessary  to  use  four  separate  pistons.  The  latter  are 
mechanically  fixed  to  one  another  so  that  the  flow  rate 
in  each  branch  is  the  same.  To  adjust  the  mean  and 
unsteady  flows,  ball  valves  are  placed  between  the 
Venturi  tubes  and  the  pistons,  and  needle  valves  are 
also  placed  between  the  pistons  and  the  outlet  tank. 
Therefore,  if,  for  example,  the  needle  valves  are 
completely  closed,  all  the  water  moved  by  the  pistons 
will  be  forced  through  the  test  section.  In  contrary, 
partially  opened  needle  valves  enables  a  steady  flow 
only  or  a  steady  flow  superimposed  with  an  unsteady 
flow  by  adjusting  the  piston  motion  controlled  by  a 
stepper  motor.  A  picture  of  the  piston  system  is 
presented  on  figure  2. 

The  characteristic  non-dimensional  number  of  this 
study  is  the  Reynolds  number,  based  on  the  mean 
velocity  in  the  parent  branch  and  the  width  of  the  parent 
branch,  given  as: 

Re  =  — — 
v 

where  V  is  the  average  velocity  of  the  2D  velocity 
profile  in  the  parent  branch,  D  is  the  branch  diameter 
and  v  is  the  fluid  dynamic  viscosity. 


Pump  Tank 

Figure  1:  Sketch  of  the  experimental  facility 


A  range  of  Reynolds  numbers  from  200  to  800  can 
be  obtained  by  adjusting  the  flow  rate  in  the  facility. 

The  Strouhal  number  is  a  second  important 
parameter.  It  characterizes  unsteady  flows  and  is  given 
as: 


where  (V/co)  is  proportional  to  the  amplitude  motion  of 
a  fluid  particle  during  a  sinusoidally  varying  flow  rate 
at  the  angular  frequency  of  oscillation  (O,  and  L  is  a 
typical  geometrical  length. 

The  Wommersley  number,  a  quantification  of  the 
quasi-steadiness  by  comparing  the  thickness  of  the 
oscillating  boundary  layer  with  the  thickness  of  the 
fully  developed  boundary  layer  (d/2  for  internal  flows), 


is  given  as: 


(3) 


where  d  is  the  channel  internal  diameter 

In  the  pulmonary  physiology,  the  flow  is  considered 
quasi-steady  in  the  laminar  zone  of  the  conductive  part 
of  respiratory  tract.  To  consider  the  quasi-steady  flow, 
the  Strouhal  and  the  Wommersley  numbers  should  both 
be  less  than  1. 
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Figure  2:  Picture  of  the  piston  system 


3.  EXPERIMENTAL  DETAILS 

3 . 1  LDV  Measurements 

For  the  steady  approach  of  this  investigation, 
Ramuzat  (1996)  has  studied  flows  at  Reynolds  numbers 
between  300  and  800  with  a  2D  Laser  Doppler 
Velocimetry  technique.  The  LDV  optical  system  used  is 
a  two-dimensional  fiber  optics  TSI  Laser  Doppler 
Velocimeter  with  backscatter  mode.  The  optical  probe 
is  of  a  special  type:  the  beam  diameter  at  input  waist  of 
the  transmitting  lens  is  3.52  mm  before  focusing.  The 
lens  selected  has  a  focal  length  of  360  mm.  As  a  result, 
the  probe  diameter  is  48.4  |im  and  the  beam  angle  is 
5.49°.  The  optical  probe  is  mounted  on  a  3  axis 
traversing  system  that  allows  to  automate  the 
acquisition  and  measurement  methods.  This  system 
allows  programming  the  traverse  as  a  function  of  the 
geometry  of  the  model.  Different  positions  in  the  model 
have  been  investigated. 

3.2  PIV  Measurements 

The  steady  and  unsteady  flows  within  lung 
bifurcations  have  been  experimentally  investigated  with 
the  PIV  technique  by  Day  (1997).  The  PIV  system  used 


to  perform  experiments  in  the  model  is  sketched  in 
figure  3.  The  system  uses  a  continuous  laser  sheet 
formed  by  a  cylindrical  lens  placed  at  the  end  of  the 
fiber  optic  cable. 

The  camera’s  electronic  shutter  controls  a  short 
exposure  of  the  video  images.  The  video  sensor  is  a 
Sony  Hi-8  camera  model  type  VX1E.  This  camera 
allows  the  adjustment  of  the  aperture,  shutter  speed, 
and  the  gain.  The  typical  settings  for  the  measurements 
are  an  aperture  of  1.6,  shutter  speed  between  1/100  and 
1/250  second  and  a  gain  set  to  the  maximum  of  18  dB. 
The  particle  images  at  this  shutter  speed  truly  appear  as 
round  particles  instead  of  the  streaks  that  are  created  at 
lower  shutter  speeds.  A  5  W  continuous  argon  (Ar) 
laser  connected  to  a  fiber  optic  cable  attached  to  a 
cylindrical  lens  was  used  throughout  the  measurements. 
The  main  advantage  of  this  system  is  that  the  laser  sheet 
may  be  very  easily  located  to  measure  in  different 
planes  through  the  facility. 

3.3  Seeding  Particles 

The  particles  used  for  the  PIV  experiments  are 
neutrally  buoyant.  These  polyamide  particles  called 
Vestosint®  are  manufactured  by  Hiils  GmbH  Inc., 
Germany.  Their  average  diameter  is  10  |im  and  their 
density  is  1.01  g/cm3.  Figure  4  shows  an  example  of  the 
seeding  particles.  On  this  picture,  the  particles  look  all 
similar  and  spherical. 

Since  we  have  a  low  water  speed  and  since  the 
density  of  the  particles  is  equal  to  that  of  the  water, 
there  is  no  doubt  that  the  particles  follow  the  flow 
without  velocity  lag.  This  was  verified  by  calculating 
the  response  of  these  tracers  to  a  velocity  step. 

4.  RESULTS 
4.1  Steady  Flow 

A  comparison  between  LDV  and  PIV  measurements 
is  presented  in  figure  5.  This  comparison  has  been 
performed  for  the  study  of  steady  flows  for  a  Reynolds 
number  of  about  300.  Indeed,  for  higher  Reynolds 
numbers,  it  has  been  shown  in  a  previous  study  by 
Ramuzat  et  al.  (1997)  that  the  flow  became  unsteady 
and  had  an  oscillatory  character.  This  comparison  could 
therefore  only  be  possible  for  low  Reynolds  numbers. 

For  the  acquisition  of  the  LDV  data,  each  point  of 
the  velocity  profiles  has  been  averaged  with  a  minimum 
of  512  data  points.  In  contrary,  the  PIV  technique 
allows  to  get  instantaneous  information  of  the  flow 
field.  Comparisons  need  average  velocity  fields  to  be 
measured.  This  is  done  by  ensemble  averaging  15  PIV 
fields. 
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PC  with  acquisition  and 
processing  software 


Figure  3:  PIV  set-up  and  picture  acquisition  system 


As  we  are  in  steady  flow  condition,  the  comparison 
between  LDV  measurements  and  the  average  PIV  field 
shows  a  good  agreement  between  the  2  different 
methods  for  different  stations  within  the  bifurcation. 

In  figure  5,  the  different  graphs  present  the  velocity 
profiles  at  different  stations.  In  the  parent  branch,  at 
station  1  located  50  cm  upstream  of  the  first 
bifurcation,  the  velocity  profile  is  Poiseuille  like.  LDV 
and  PTV  measurements  are  in  good  agreement. 


Figure  4:  Example  of  seeding  particles  (Vestosint®) 


Downstream  of  the  first  bifurcation,  at  station  2,  the 
velocity  profile  shows  a  small  recirculation  zone  close 
to  the  external  wall  of  the  bifurcation,  and  a  velocity 
peak  towards  the  internal  wall  of  the  divider.  The  PIV 
measurements  show  a  slight  discrepancy  with  the  LDV 


measurements  at  the  level  of  the  recirculation  zone. 
This  is  due  to  the  fact  that  the  PIV  velocity  profile  is 
averaged  with  a  lower  number  of  data  than  the  LDV 
velocity  profile.  However,  the  shape  of  the  two 
different  profiles  is  very  similar.  The  same  remark  can 
be  made  for  stations  3  and  4,  downstream  of  the  second 
bifurcation.  For  station  3,  the  location  of  the  maximum 
velocity  is  not  at  the  same  position  on  the  two  velocity 
profiles.  This  can  be  explained  by  the  difficulty  to 
reproduce  experiments  at  the  same  exact  location.  At 
station  4,  where  acceleration  and  recirculation  zone 
appear,  the  flow  is  more  susceptible  to  unsteadiness. 

The  different  results  allow  us  to  validate  the  LDV 
measurements  already  performed  and  the  measurements 
performed  with  the  PIV  technique.  The  PIV 
measurements  will  now  be  discussed  for  the  study  of 
the  unsteady  flow  within  the  double  bifurcation. 

4.2  Unsteady  Flow 

For  unsteady  flow,  PIV  obtains  both  spatial  and 
temporal  information.  Unsteady  measurements  have 
been  performed  for  two  types  of  imposed  unsteadiness. 
The  first  flow  consists  of  a  sudden  flow  reversal.  A 
sudden  reversal  of  flow  means  that  the  pistons  used  to 
create  a  periodic  flow  are  driven  at  constant  speed  with 
a  sudden  change  of  direction.  The  period  of  the 
imposed  unsteadiness  is  of  60  seconds. 
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Figure  5:  Comparison  between  LDV  and  PIV  for  steady  flow 


Figure  6  represents  the  evolution  of  the  flow  rate 
through  the  bifurcation,  at  the  outlet  of  the  four 
branches. 

PIV  measurements  have  been  performed  to  study  the 
evolution  of  the  velocity  flow  fields  with  time.  Figures  7 
and  8  present  the  time  series  of  the  velocity  fields  at  the 
level  of  the  first  and  second  bifurcation.  The  flow  rate  at 
the  inlet  is  fixed  to  100  1/hr,  which  corresponds  to  a 
Reynolds  number  of  420  based  on  the  peak  velocity  of 
the  unsteadiness  in  the  parent  branch.  In  these  figures, 
inspiration  is  the  direction  of  the  flow  from  the  left  to 
the  right,  and  expiration  the  other  flow  direction  from 
the  right  to  the  left. 


Figure  7  shows  the  evolution  of  the  expiratory 
velocity  profile  with  time,  at  the  level  of  the  first 
bifurcation  just  after  reversal. 

Unlike  inspiratory  flow,  fully  developed  expiratory 
flow  through  symmetrical  bifurcations  is  symmetrical. 
Three  main  phases  may  describe  the  development  of 
expiratory  flow  after  reversal. 

Inspiratory  flow  (pre-phase  to  expiratory)  in  the 
model  is  characterized  by  a  Poiseuille  profile  at  the  inlet 
of  the  bifurcation.  The  regions  near  the  wall  (low 
velocity  prior  to  flow  reversal)  respond  quickly  to  the 
pressure  change  caused  by  the  sudden  reversal  of  the 
motion  of  the  pistons.  The  previously  high  velocity  core 
requires  a  longer  time  to  decelerate  and  .  then  reverse 
direction  due  to  its  large  momentum.  Because  of  the 
conservation  of  volume,  high  velocity  regions  at  both 
walls  and  a  region  of  near  zero  velocity  in  the  center  of 
the  bifurcation  characterize  the  initial  flow  field  after 
reversal.  This  is  visible  in  the  image  taken  1  second 
after  reversal. 

The  second  stage  of  development  is  characterized  by 
a  filling  of  the  velocity  profile  so  that  the  difference  of 
velocity  at  the  walls  and  the  center  decreases  until  the 
velocity  is  nearly  uniform  across  the  section  and  similar 
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to  a  fully  developed  turbulent  velocity  profile.  This 
filling  is  principally  due  to  viscous  interaction  between 
the  high  velocity  regions  at  the  wall  and  the  neighboring 
low  velocity  regions  that  act  to  increase  the  core 
velocity  while  smoothing  the  peak  of  the  high  velocity 
regions  at  the  wall.  Because  the  axes  of  the  daughter 
and  parent  tubes  are  not  aligned,  the  fluid  entering  the 
parent  branch  has  a  component  of  momentum  towards 
the  center  of  the  parent  branch.  This  effect  plays  a  large 
role  in  determining  the  shape  of  the  fully  developed 
flow  through  a  bifurcation  as  measured  further  upstream 
of  the  first  branch.  The  effects  of  this  momentum  force 
moving  fluid  towards  the  center  of  the  section  together 
with  the  viscous  forces  in  the  parent  branch  and  create  a 
nearly  flat  velocity  profile  typical  of  the  second  stage  of 
development.  This  stage  is  shown  in  the  measurements 
at  times  near  1 1  seconds  after  reversal. 


Figure  7:  Expiration  velocity  flow  field  for  Re  =  420 
at  the  level  of  the  first  bifurcation 


The  third  stage  of  development  is  related  to  a 
boundary  layer  forming  over  the  divider  wall  of  the 
bifurcation.  Initially  after  flow  reversal,  the  boundary 
layer  on  the  divider  wall  is  very  thin  so  that  the  flow 
entering  the  parent  branch  has  a  nearly  uniform  velocity 
distribution.  After  a  period  of  time,  boundary  layers 
form  over  the  walls  of  the  daughter  branch  and  act  to 
decrease  the  velocity  at  both  walls.  This  boundary  layer 
forming  over  the  divider  wall  joins  together  at  the 
dividing  point  of  the  bifurcation  to  form  a  velocity 
depression  in  the  profile.  The  velocity  profile  in  stage 
three  is  characteristic  of  fully  developed  expiratory 
flow. 

Figure  8  presents  the  time  series  of  the  flow  at  the 
level  of  the  second  bifurcation.  The  same  phenomenon 
that  acted  to  establish  the  expiratory  flow  acts  for  the 
inspiratory  flow.  Again,  high  velocity  regions  at  the 


walls  characterize  the  flow  immediately  after  reversal. 
Unlike  the  flow  described  above,  the  conditions  before 
flow  reversal  are  asymmetrical.  The  progression  comes 
from  viscous  effects,  which  act  to  create  a  smoother 
profile  across  the  section.  At  the  same  time,  the  pressure 
force  has  sufficient  time  to  reverse  all  parts  of  the  flow 
field  so  that  the  flow  seems  to  be  developing  towards  a 
Poiseuille  profile. 

Afterwards,  the  position  of  the  maximum  peak  in  the 
Poiseuille  profile  migrates  towards  the  dividing  wall 
and  establishes  itself  at  a  distance  that  is  characteristic 
of  fully  developed  flow  at  the  given  Reynolds  number. 
This  effect  is  similar  to  the  effects  described  for 
expiratory  flows.  The  momentum  of  the  entering  fluid 
acts  to  move  the  fluid  towards  the  dividing  wall.  In  this 
case,  the  development  of  the  boundary  layer  in  the 
upstream  section  also  plays  a  large  role  on  positioning 
this  high  velocity  point. 

The  simultaneous  development  of  the  boundary 
layer  on  this  divider  wall  acts  to  keep  the  point  of 
maximum  velocity  at  a  finite  distance  from  the  inner 
wall.  In  this  region,  the  boundary  layer  growth  and 
modification  of  the  inlet  flow  occur  in  a  way  that  the 
migration  of  the  high  velocity  region  is  always  in  the 
same  direction.  It  continually  moves  from  the  center 
towards  the  divider  wall  until  relaxing  in  the  position 
for  fully  developed  flow. 


Figure  8:  Inspiration  velocity  flow  field  for  Re  =  420 
at  the  level  of  the  second  bifurcation 


Figure  9  presents  this  evolution  of  the  PIV 
instantaneous  velocity  profiles.  This  figure  shows  the 
fully  developed  PIV  velocity  profile  measured  at  steady 
condition  and  two  PIV  velocity  profiles  measured  after 
sudden  reversal. 


29.3.6 


1 

i.  \ 

N- 

NX. 

\ 

'ss 

*  ^  ^  V 

rs^" 

-  —  —  —  Profile  after  15  sec. 

—  . .  —  Profile  after  17  sec. 

/  . 

✓  ^ 

-■< . . 

0  0.5  1  1.5  2  2.5  3  3.5 

Velocity  (cm/s) 

4 

Figure  9:  Velocity  profiles  after  sudden  reversal  at 
Re  =  750,  upstream  of  the  2nd  bifurcation,  at  station  2 


In  all  the  time  series  of  velocity  profiles,  there  is  a 
clear  evolution  of  the  velocity  profile  that  results  in  an 
established  profile  with  a  maximum  velocity  located  next 
to  the  divider  wall.  The  distance  between  the  divider  wall 
and  the  point  of  maximum  velocity  is  perhaps  the  main 
characteristic  of  the  velocity  profile. 

Figures  10,  11  and  12  present  the  comparison  for 
three  different  locations  between  the  steady  LDV 
measurements  and  the  PIV  profiles  obtained  at  different 
moments  after  reversal.  These  three  graphs  allow  the 
determination  of  the  development  time  for  the  velocity 
after  reversal. 

To  determine  the  quasi  steadiness  of  the  flow,  a 
method  based  on  the  time  development  of  the  velocity 
has  been  developed  and  used  by  Day  (1997).  This 
method  compares  the  shape  of  the  last  velocity  profile 
before  reversing  to  the  LDV  velocity  profile  obtained  in 
the  steady  study.  From  this  comparison,  it  is  possible  to 
determine  a  Wommersley  number  based  on  the  time 
development  of  the  flow. 

The  Wommersley  criterion  that  is  very  often  used 
when  justifying  the  assumption  of  quasi  steadiness  is 
based  on  the  growth  of  the  boundary  layer  after  a  fluid 
is  instantaneously  put  into  motion.  The  frequency  term 

of  the  Wommersley  number  is  derived  from  the 

evaluation  of  boundary  layer  thickness  as  a  function  of 
time.  The  boundary  layer  thickness  is  given  as: 


According  to  (4)  the  thickness  of  the  boundary  layer 
is  not  a  function  of  the  mean  flow  velocity.  For  lack  of 
any  better  relation  between  the  suddenly  reversed  and 
the  sinusoidal  case,  we  will  use  the  relation  f  =l/2t.  In 
this  way,  the  frequency  corresponds  to  a  wave  with  a 
period  equal  to  exactly  two  times  the  development  time. 


A  Wommersley  number  of  1  calculated  in  this  way 
predicts  that  a  square  wave  flow  will  re-establish  itself 
in  each  flow  direction  exactly  before  changing  direction 
again. 


Figure  10:  PIV  and  steady  LDV  profiles  at  station  2 


Figure  11:  PIV  and  steady  LDV  profiles  at  station  3 


Figure  12:  PIV  and  steady  LDV  profiles  at  station  4 


As  applied  to  a  sinusoidal  wave,  this  implies  that  the 
flow  will  remain  quasi-steady  as  the  flow  rate  changes 
from  positive  maximum  to  negative  maximum  during  a 
time  period  equal  to  that  of  the  development  time. 

In  order  to  maintain  consistency  with  the  traditional 
Wommersley  number,  the  relation  f=l/2t  was  simply 
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substituted  into  the  equation  for  the  Wommersley 
number  so  that 

OTrf  -  71  (5) 

CO  =  2  Ttf  =  — 

where  t  is  the  development  time  of  the  suddenly 
reversed  flow. 

Using  this  approach,  the  Wommersley  number  was 
calculated  for  sudden  reversal  unsteadiness  of  different 
amplitudes  for  different  Re,  at  a  period  of  60  seconds. 
The  data  obtained  suggest  that  the  time  dependent 
behavior  of  the  unsteady  flow  is  not  function  of  the 
Reynolds  number.  This  is  in  agreement  with  the 
definition  of  the  Wommersley  number  (equation  (3)). 
Nevertheless,  these  results  imply  that  the  value  of  the 
Wommersley  number  used  as  a  criterion  for  the  quasi 
steadiness  should  be  greater  than  1.  Taking  into  account 
the  exact  solution  for  the  boundary  layer  development 
of  a  suddenly  started  uniform  flow  over  an  infinite  plate, 
the  criterion  has  been  estimated  to  a  limit  value  of  5.  In 
order  to  neglect  the  unsteady  effects  of  the  flow,  the 
Wommersley  number  should  be  significantly  less  than 
this  limit. 

To  estimate  the  applicability  of  this  criterion,  a 
second  imposed  unsteady  flow  has  been  investigated. 
This  second  controlled  unsteadiness  is  a  sinusoidal 
variation  of  the  flow  rate  around  a  zero  mean  value. 

For  a  constant  period  of  60  seconds,  and  a  Reynolds 
number  range  from  250  to  600,  the  Wommersley 
number  was  found  constant  and  equal  to  3.8. 

For  the  same  amplitude  signal,  i.e.  for  a  Reynolds 
number  around  400,  the  period  has  been  varied  between 
30  to  60  seconds.  The  evolution  of  the  Wommersley 
number  is  presented  in  figure  13  as  a  function  of  the 


Figure  13:  Wommersley  number  vs.  period 


Figure  13  shows  that  when  the  period  is  increasing, 
the  Wommersley  is  decreasing.  For  a  less  than  5,  the 
flow  has  been  found  quasi-steady  over  the  high  forward 
flow  rate  part  of  the  cycle,  nevertheless  it  exhibits  an 
unsteady  behavior  near  the  reversal  forward  to  reversed 
flow.  This  unsteadiness  could  be  due  to  three- 
dimensional  effects  of  the  flow. 


5.  CONCLUSIONS 

A  comparison  between  LDV  and  PIV  measurement 
for  steady  flow  shows  a  good  agreement  between  the 
different  velocity  profiles  at  different  stations  within  the 
2D  multiple  bifurcation. 

For  the  unsteady  case,  PIV  measurements  have  been 
performed.  The  evolution  of  the  flow  could  now  be 
better  investigated  and  a  first  study  with  a  “square” 
unsteadiness  allows  to  conclude  about  the  quasi 
steadiness  of  the  flow.  For  a  Wommersley  number  a 
based  on  the  time  development  of  the  flow,  it  has  been 
shown  that  the  flow  is  quasi  steady  for  a  <  5. 

Nevertheless,  as  different  types  of  unsteadiness  can 
be  applied  to  the  model,  a  more  complete  approach 
should  next  be  undertaken.  Moreover,  the  natural 
unsteadiness  of  the  flow  that  appears  for  high  Reynolds 
number  should  also  be  investigated  when  an  imposed 
unsteadiness  is  applied  to  the  model.  The  problem  could 
be  coupled  with  the  forced  unsteadiness,  or  completely 
eliminated. 

We  also  can  conclude  that  sinusoidally  varying  flow 
through  the  bifurcation  behaves  differently  than  the 
instantaneously  reversed  flow  used  above,  but  its 
development  time  is  relevant  to  the  quasi-steady 
assumption  for  sinusoidally  varying  flows. 
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ABSTRACT 

Continuous  Digital  Particle  Image  Velocimetry 
(CDPIV)  was  used  to  map  the  flow  field  of  vascular 
junctions  and  obtain  the  anastomoses  spectral 
signature.  This  was  done  due  to  the  fact  that  a 
significant  percentage  of  implanted  vascular  bypass 
grafts  fail  early  post  surgery.  Biofluid  factors  such  as 
abnormal  shear  stresses  and  turbulence  have  been 
cited  to  promote  graft  failure.  Previous  studies  were 
based  on  mean  flow  properties,  while  the  pulsating 
flow  field  is  affected  by  instantaneous  and  spectral 
distribution.  Laminar  to  turbulent  transition,  flow 
separation,  rotation  and  waves  reflected  from  host 
artery  leave  characteristic  spectral  signature  which 
escapes  detection  when  only  mean  data  is  sampled. 
Our  work  was  aimed  into  the  time  and  frequency 
domain  characteristics.  Our  in-vitro  model  consists  of 
pulsating  pump,  transparent  distensible  graft  tubes 
and  variable  anastomoses  angles.  Dimensions  were 
based  on  in-vivo  data.  Continuous  sequences  of 
experimental  images,  followed  by  their  calculated 
velocity  and  vorticitv  transient  fields,  are  given  as 
animated  presentation  of  distensible  anastomoses. 
High  shear  stress  peaks  and  vortices  were  observed  at 
the  anastomosis  toe.  Flow  reversal  or  separation  was 
Womersley  parameter  dependent.  The  flow  profile 
and  spectra  were  dependent  on  graft  angle  and 
elasticity.  Better  host-graft  match  resulted  in  less  flow 
disturbances  and  flatter  spectral  distribution.  This  can 
be  translated  in  Doppler  ultrasound  or  sound 
frequencies  terms  and  thus  potentially  assist  clinical 
observations. 


1.  INTRODUCTION 

Hemodynamics  has  long  been  cited  of  being 
involved  in  arterial  diseases.  Atherosclerosis  is  the 
most  prevalent  vascular  disease  in  the  human 
circulatory  system.  In  its  advanced  stages  plaques  can 
completely  occlude  the  vessel,  preventing  perfusion 
of  tissue  distal  to  the  blockage.  When  treatment 
modalities  such  as  pharmacological  interventions  and 
angioplasty  fail,  or  in  other  forms  of  vascular  injury, 
replacing  the  diseased  segment  with  a  vascular  graft 
is  a  common  therapy  available  today.  Even  though 
replacement  of  large  vessels  has  been  reasonably 
successful,  problems  with  loss  of  patency  within 
several  months  after  implantation  is  more  acute  with 
medium  and  small  vascular  graft  replacements 
(diameters  less  then  6  mm).  Loss  of  patency  due  to 
advanced  stages  of  intimal  thickening  results  in 
failure  of  about  40%  of  the  grafts  within  five  years 
after  implantation.  Thrombosis  is  primarily 
responsible  for  failures  within  30  days  after 
implantation,  and  intimal  hyperplasia  for  failures 
within  6  months  post  surgery.  A  number  of  studies 
indicate  that  alterations  in  mechanical  stresses  due  to 
the  implants  may  be  the  causative  factors  in  the 
intimal  thickening.  These  stresses  may  include 
alterations  in  static  deformations,  static  stresses, 
pulsatile  deformations  and  stresses,  as  well  as  altered 
shear  stress  at  the  blood-intimal  boundary.  These 
alterations  are  induced  by  the  changes  in  material 
properties  between  the  host  artery  and  vascular  graft, 
the  presence  of  suture  at  the  anastomotic  site,  as  well 
as  the  geometry  of  the  anastomosis.  For  optimal 
functioning  the  implanted  graft  should  have  the  same 
dynamic  response  to  pulsatile  flow  as  a  natural  artery. 
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An  important  measure  of  flow  characteristics  under 
pulsatile  flow  is  the  impedance  of  the  vascular 
segment,  consisting  of  resistance,  inertance  or 
inductance,  and  compliance.  For  a  replacement  graft 
of  the  same  size  as  the  diseased  artery,  mismatches  in 
compliance  may  be  the  most  important  factor  in  the 
failure  of  the  graft. 

End-to-side  anastomosis  (Fig.  1)  is  common 
particularly  in  vascular  reconstruction  of  occluded 
coronary  vessels.  The  graft  is  attached  to  the  host 
artery  distal  to  the  occlusion  in  order  to  enable 
perfusion  of  the  vascular  bed  downstream  from  the 
occlusion  (blood  flowing  from  the  graft  through  the 
host  artery).  At  the  proximal  end,  blood  will  flow 
from  the  host  artery  to  the  graft,  branching  out  at  the 
site.  Differences  can  be  expected  between  the 
proximal  and  the  distal  anastomosis.  Clinical  results 
with  this  configuration  demonstrate  that  the  preferred 
locations  of  intimal  hyperplasia  are  in  the  toe  region 
of  the  anastomosis,  as  well  as  along  the  outer  wall  in 
the  region  where  the  inlet  stream  from  the  bypass 
graft  impacts  against  the  vessel  wall.  In  end-to-side 
anastomoses,  the  geometry  of  the  anastomosis  (in 
particular  the  anastomotic  angle)  may  be  a  more 
important  factor  in  the  flow  characteristics,  rather 
than  the  mismatch  in  elastic  properties  between  the 
graft  and  the  host  artery. 


Flow 


Theoretical  and  in  vitro  experimental  studies  are 
therefore  aimed  to  investigate  the  mechanical  factors 
responsible  for  the  failure  of  these  grafts.  However, 
disagreement  between  results  may  be  attributed  to 
differences  in  the  gross  boundary  conditions  and 
experimental  setup,  such  as;  2D  vs.  3D  geometry, 
steady  state  vs.  pulsating  flow  waveform,  rigid  vs. 
compliant  walls,  but  also  to  the  fine  details  of  each 
condition. 

The  anastomosis  has  a  stenotic  effect,  which 
depends  on  the  geometry  and  method  of  vascular 
reconstruction.  Even  the  finest  suture  line  alters  the 
original  flow  field,  the  new  hood  line  changes  the 
intima's  surface,  which  is  seen  as  an  obstacle  by  the 
blood  flow.  This  leads  to  thrombus  formation  or  even 


aneurysm  in  end-to-side  and  end-to-end  anastomoses 
made  of  homo  or  artificial  grafts.  It  is  therefore 
suggested  that  tools  sensitive  to  the  waves  reflected 
from  the  altered  (anastomosed)  surface  should  be 
introduced.  Most  of  the  works  done  so  far  lack  at 
least  one  of  the  above  mentioned  criteria.  There  are 
no  studies  which  have  focused  on  the  instantaneous 
time  domain  in  such  hemodynamic  configuration  nor 
provided  its  detailed  spectral  analysis.  This  is  mainly 
due  to  experimental  difficulties  with  conventional 
measurement  systems.  The  general  objective  of  the 
newly  introduced  CDPIV  system  is  to  solve  the 
experimental  difficulty.  Therefore,  special  emphasis 
will  be  given  to  obtaining  a  thorough  investigation  of 
the  flow  field  time  domain  instantaneous 
characteristics  and  its  spectral  analysis.  For  that 
purpose,  a  DPIV  system  was  elaborated  to  operate 
continuously  in  real-time  and  used  to  map  the  fine 
structures  of  the  boundary  layers  at  the  anastomosed 
area.  Unlike  most  systems,  which  are  based  on 
moving  one  measurement  volume  from  point  to  point, 
the  CDPIV  enables  whole-field  time-dependent  flow 
analysis,  at  any  given  cross  section,  at  the  same 
instance.  The  continuous  system  is  based  on  the 
DPIV,  which  is  a  modified  non-intrusive  technique 
that  permits  the  mapping  of  instantaneous  flow-fields. 
Gharib  et  al.,  1991,  has  demonstrated  the  strength  of 
DPIV  by  capturing,  viewing  and  processing  flow 
images  of  vortex  rings.  The  seeding  density, 
illumination  and  the  other  experimental  parameters 
could  be  modified.  Spatial  velocity  measurements 
were  successfully  compared  with  data  obtained  by 
direct  measurement  and  the  velocity  data  was  used  to 
compute  the  spatial  and  temporal  vorticity  and 
circulation. 

Spectral  analysis  is  an  excellent  mapping  tool.  If 
we  take,  for  example,  an  elastic  graft  anastomosed  to 
a  rigid  tube,  then  the  spectral  analysis  of  the  velocity 
time  data  will  reveal  the  frequencies  of  the  waves 
reflected  back  from  the  bed  of  the  rigid  host  artery.  If 
we  change  the  elasticity  parameters  of  the  host  artery, 
then  the  typical  characteristic  frequencies  will  move 
along  the  frequency  axis,  representing  the  new 
material  dependent  harmonics.  By  selectively 
changing  the  stiffness  parameters  of  the  graft,  while 
keeping  the  other  flow  and  model  parameters 
unchanged,  a  relation  between  the  anastomosis 
compliance  match  (or  mismatch)  and  the  behavior  of 
its  typical  spectrum  will  possibly  appear.  This 
spsignature  is  important,  because  it  can  be  used  vice 
versa  to  identify  changes,  like  intimal  hyperplasia,  in 
the  state  of  the  anastomosis  vessels.  The  spectral 
analysis  can  give  a  better  understanding  of  flow 
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behavior,  energy  transfer  from  larger  to  smaller  scale 
eddies,  and  may  imply  the  loci  of  deposits  sites. 


2  .  EXPERIMENTAL  APPARATUS  AND 

MEASUREMENT  PROCEDURES 

The  experimental  system  is  schematically 
described,  in  Fig.  2.  A  water-glycerin  mixture,  seeded 
with  silver  coated  (<t>=10|i)  glass  micro  spheres,  is 
pumped  through  a  circuit  of  tubing  to  the  vascular 
anastomoses  model.  The  mixture  satisfies  both 
conditions  of  viscosity  and  refraction,  index 
matching.  An  external  reservoir  head  maintains 
chamber's  pressure  and  temperature.  Valves  control 
the  flow  ratio  between  the  graft  and  the  host  artery. 
An  electronically  controlled  pulsating  pump  is  used  to 
produce  the  desired  pulsating  waveform.  The  flow 
direction  can  be  reversed  in  order  to  sweep  between 
distal  to  proximal  anastomosis. 


Fig.  3,  The  CDPIV  system 

An  Argon-Ion,  laser  light  sheet  was  used  to 
illuminate  a  thin  layer  of  reflecting  particles  inside  the 
fluid.  By  strobing  the  laser  sheet  at  the  video  camera's 
framing  rate  via  a  timing  device  (Fig.  3)  and  an 


electronic  shutter,  corresponding  sections  of  each  two 
successive  images  were  matched.  The  camera 
overlooking  the  interrogation  window  A-A-B-B  (Fig. 
2)  at  the  bifurcation  captured  the  particles’  shift  in  the 
stream.  The  actual  time  step  between  images  could  be 
lower  than  0.5ms.  The  timing  values  were 
experimentally  selected  to  achieve  optimal  images, 
without  smearing  of  the  illuminating  particles  (the 
CDPIV  is  not  a  “push  a  button  and  get  the  result” 
system).  Each  successive  image  pair  was  cross- 
correlated  and  the  velocity  field  was  computed. 
CDPIV  was  used  to  record  minutes-long  sequences  of 
cardiac  cycles  consisting  of  thousands  of  video 
frames.  The  particles  were  continuously  filmed  by 
NTSC  (Pulnix  TM-9701  29.97fps  8Bit  grayscale 
480x768)  CCD  video  camera  and  simultaneously 
transferred  to  the  computer.  Real-time  video 
hardware-compression  combined  with  ultra-fast  hard 
disks  as  storage  device  were  used  to  overcome  the 
well  known  data  transfer-rate  bottle-neck  using 
conventional  PC  platform. 


Model  C  (distensible)  Model  D  (Rigid) 

Fig.  4,  The  models 


The  models  are  described  in  Fig.  4.  The  vascular 
grafts  were  made  of  transparent  elastic  silicone 
models  of  human  artificial  anastomosis.  Re  and  a 
(Womersley)  dimensionless  numbers  were  maintained 
at  flow  ranges  and  pulse  rates,  taken  from  in-vivo 
data.  The  models  were  scaled  up,  by  a  diameter  factor 
of  3  to  15mm,  to  improve  the  spatial  resolution.  The 
mean  velocity  was  scaled  down  by  a  factor  of  3  and 
the  pulsation  frequency  was  scaled  down  by  a  factor 
of  9,  thus  improving  the  temporal  resolution  while 
keeping  the  Strouhal  and  Re  ratio.  The  flow  division 
at  the  bifurcation  was  always  kept  50:50  for  later 
comparison.  Model  A,  shaped  at  45  degrees,  was 
used  for  the  basic  tests.  First,  a  Reynolds  number  scan 
was  performed  at  Re=100,  200,  300,  400,  500  while 
keeping  the  a  number  at  the  equivalent  of  80  BPM. 
Then  a  “heart-rate”  scan  was  performed  by  swapping 
a  between  (equivalents  of)  60  and  100  BPM  at 
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Re=100,  300,  500.  The  geometry  effect  was  later 
tested,  using  models  B  (90-degree  bifurcation)  and  C 
(curved  bifurcation)  at  a  (equivalents  of)  60  and  80 
BPM  at  Re=300.  Finally,  the  wall  stiffness  effect  was 
tested  using  the  rigid  model  D,  shaped  identically  as 
model  A,  at  the  same  conditions  (60,  80  BPM, 
Re=300)  as  models  B  and  C. 

It  is  very  important  to  mention  the  sampling 
frequency.  The  CDPIV  is  capable  of  delivering  30 
images  per  second,  thus  15  flow  fields  can  be 
sampled  per  second.  However,  the  fact  the  Strouhal 
number  dictated  an  experiment  slower  by  a  time 
factor  of  9,  enabled  a  sampling  rate  equivalent  to  135 
flow  fields  per  second.  This  sampling  rate  covers 
most  of  the  known  hemodynamic  phenomena. 

The  basic  calibration  test  was  performed  under 
steady  flow  conditions.  The  flow  rate,  which  was 
computed  by  integrating  the  velocity  profiles  obtained 
from  the  CDPIV  process,  was  in  close  agreement 
(error  <3%)  with  the  known  flow  rate  of  the  pump. 

3.  EXPERIMENTAL  RESULTS 
3.1  The  Instantaneous  Flow 

The  velocity  vector  plot  (Figs.  5)  describes  the 


particles  shift  in  time,  which  was  calculated  between 
two  typical  sequential  images  captured  in  model  A. 
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Fig.  5,  Velocity  vector  plot 

The  axes  describe  the  position  and  size  [cm]  of  the 
model.  The  reference  vector  on  the  top  left  comer  is 
provided  to  estimate  each  vector’s  velocity.  The  inlet 
is  at  the  bottom  left,  where  the  velocity  distribution  is 
parabolic.  Then  the  graft’s  core  flow  hits  the  vascular 
bed  of  the  host  artery,  generating  a  stagnation  zone. 
The  right  host  side  exhibits  a  high  velocity  narrow  jet 


near  the  vascular  bed  and  low  velocity  near  the  toe. 
The  left  side  exhibits  flow  separation  near  the  heel. 
The  skewed  line  describes  the  exact  location  of  the 
velocity  components’  profiles  cross  section  presented 
in  the  following  figures.  The  good  spatial  resolution 
(110  pixels/cm)  was  achieved  by  scale  up.  Thus,  each 
vector  was  calculated  between  two  sequential 
rectangular  windows  of  16x16  pixels  with 
overlapping  of  8  pixels. 


Fig.  6  describes  spatial  and  temporal 
distribution  of  the  velocity  component  normal  to  the 
location  described  by  the  skewed  line  in  Fig.  5.  The 
normal  component  was  calculated  out  of  the  velocity 
vector  field.  The  vertical  axis  describes  the  normal 
velocity  component  amplitude  [cm/sec].  The  position 
axis  describes  the  location  described  by  the  skewed 
line,  where  the  arrow  tip  in  Fig.  5  corresponds  with 
the  position  axis  origin.  The  time  axis  is  represented 
by  the  image-number.  It  corresponds  to  the  pulsating 
flow  cross-section,  as  calculated  from  the  DPIV 
images  sampled  continuously  in  time.  A  typical 
Poiseuille  parabolic  profile  is  exhibited  as  function  of 
the  position  and  the  inclination  of  the  skewed  line. 
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relatively  to  the  vessel  diameter.  The  parabolic 
profile’s  velocity  amplitude  clearly  follows  the 
pulsating  cycle  in  the  graft,  however,  its  amplitude  is 
smaller  in  the  host  vessel. 

The  spatial-temporal  distribution  of  the  tangent 
velocity  component  was  similar  to  the  normal 
component  in  Fig  6.  However,  the  Poiseuille 
parabolic  profile  behavior  had  the  same  amplitudes 
both  in  the  graft  and  in  the  host  vessel  due  to  the 
inclination  of  the  skewed  line  relatively  to  the  vessel. 

The  contours  in  Fig.  7  describe  the  vorticity 
field  calculated  out  of  the  vector  flow  field  (Fig.  5). 
The  axes  describe  the  position  [cm]  of  the  model  and 
its  size.  High  vorticity  lines  concentration  can  be  seen 
on  the  graft  walls  especially  in  proximity  of  the  toe 
and  the  heel.  The  vascular  bed  of  the  host  exhibits 
two  zones  of  high  vorticity  lines  concentration  on  its 
right  and  left  sides.  Between  them,  on  the  wall  center, 
an  abrupt  void  may  be  observed.  This  location 
coincides  with  the  stagnation  zone  observed  in  the 
CDPIV  films.  The  wall,  right  to  the  toe,  exhibits  a 
contour  line  decrease  at  the  same  location  where  flow 
separation  was  observed  in  the  experiments.  Small 
vortices  may  be  observed  (“moving”)  between,  the 
high  vorticity  concentration  on  the  heel  and  the  high 
vorticity  concentration  downstream  on  the  wall,  left 
to  the  heel.  (Vortex  shedding  was  observed  there  in 
the  continuous  vorticity  films). 


Fig.  8,  Reynolds  stresses,  spatial-temporal  distribution 


Fig.  8  describes  spatial  and  temporal 
distribution  of  the  Re  stresses  at  the  location 
described  by  the  skewed  line  in  Fig.  5.  The  vertical 
axis  describes  normalized  stress  amplitude.  The 
position  axis  describes  the  location  described  by  the 
skewed  line,  where  the  arrow  tip  in  Fig.  5 
corresponds  with  the  position  axis  origin.  The  time 
axis  is  represented  by  the  image-number.  It 
corresponds  to  the  pulsating  flow  cross-section,  as 
calculated  from  the  DPIV  images  sampled 
continuously  in  time.  The  Reynolds  stresses  are 
exhibited  as  function  of  the  position  and  the 
inclination  of  the  skewed  line,  relatively  to  the  vessel 


diameter.  High  stress  peaks  are  noticed,  at  the 
position  of  the  walls  of  the  graft  and  the  host,  in  the 
proximity  of  the  heel.  The  peaks’  amplitude,  clearly 
follows  the  pulsating  cycle  in  the  graft,  demonstrating 
the  destructive  fatigue  cycles  exerted  on  the 
anastomosis. 

3.2  The  Flow  Spectrum 


Spectral  analysis  was  performed  to  characterize 
the  flow  field  structure  in  all  the  models  and  flow 
conditions. 


70  0 


Fig.  9,  Spatial  spectral  distribution,  model  A 


Fig.  9  depicts  the  spatial  frequency  distribution  of  the 
velocity  along  the  skewed  line,  which  is  shown  in  the 
small  figure  of  model  A.  It  describes  the  power 
spectrum  of  the  tangent  velocity  component 
fluctuations.  The  frequencies  were  calculated  out  of 
the  instantaneous  velocity  vector  field.  A  channel, 
along  all  the  frequencies  range,  may  be  observed  at 
the  distances  of  10-12  where  the  skewed  line  crosses 
outside  the  model.  This  channel  borders  between  the 
flow  fluctuations  in  the  host  region  (distances  of  0- 
10)  and  the  graft  region  (distances  of  12-21).  The 
graft  region  starts  with  frequencies  concentrated 
below  20  Hz  and  continues  with  a  plateau.  The  host 
region  seems  to  be  'flat  except  the  frequencies 
concentrated  at  25-30Hz.  (The  high  amplitudes  below 
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FFT  Tangent  Component-  Exp.a9 


5 Hz,  along  the  entire  distance  axis,  is  generated  by 
the  high  energy  of  the  core  of  the  pulsating  flow).  The 
frequency  axis  reaches  a  maximum  of  67.5  Hz 
according  to  the  Nyquist  criteria  and  Strouhal 
frequency  factor. 

Fig,  10  similarly  depict  the  frequency 
distribution  in  model  C  at  the  same  flow  conditions. 
The  main  phenomenon  is  observed  in  the  host  as 
protruding  frequencies,  accumulated  around  15,  25 
and  35Hz.  Their  location  along  the  distance  axis 
corresponds  with  the  location  of  a  large  eddy,  which 
was  observed  in  the  experiments.  The  graft  region 
appears  to  be  flat. 


FFT  Normal  Component  -  Exp.  31 7 


Fig.  11,  Normal  velocity  spectrum,  model  D,  Re=300,  80BMP 


Fig.  12,  Normal  velocity  spectrum,  model  A,  Fte=300, 
80BMP 


Fig.  11  describes  the  frequency  distribution  in 
the  stiff  model  D,  while  Fig.  12  describes  the 
frequency  distribution  in  the  distensible  model  A. 
Both  figures  describe  the  spectral  distribution  of  the 
normal  velocity  component  fluctuations  along  the 
same  skewed  line,  and  at  the  same  flow  conditions. 
The  contour  lines  in  the  distensible  model  (Fig.  12) 
reveal  that  most  of  the  energy  is  concentrated  below 
7Hz  along  the  entire  distance  axis.  A  few  single 
frequencies  at  32Hz,  45Hz  and  54Hz  disturb  the  flat 
plateau.  It  is  evident  that  stiff  model  (Fig.  1 1)  exhibits 
a  much  wider  energy  distribution  between  0-20Hz. 

Figures  13,  14  and  15  describe  the  spectral 
distribution  of  model  A  under  the  same  pulse  rate 
(80BMP)  while  Re  increases  from  300  to  400  and 
500,  respectively.  The  tangent  component 
fluctuations  were  calculated  at  the  same  cross  section. 
The  increase  in  Re  from  300,  trough  400  to  500  is 
observed  as  widening  of  the  energy  distribution  along 
the  frequency  axis,  from  0-6Hz  through  0-26Hz  up  to 
the  whole  frequency  range  in  Fig.  18B,  respectively. 


Fig.  13,  Tangent  velocity  spectrum,  model  A,  80BMP,  Re=300 

FFT  Tangent  Component-  Exp.alO 


Fig.  14,  Tangent  velocity  spectrum,  model  A,  80BMP,  Re=400 

FFT  Tangent  Component  -  Exp  all 


Fig.  15,  Tangent  velocity  spectrum,  model  A,  80BMP,  Re=500 


1 .  CONCLUSIONS  AND  DISCUSSION 

Zones  of  high  shear  stress  peaks  and  traveling 
vortices  were  observed  around  sharp  non-streamlined 
anastomosis  toe  and  heel.  Flow  reversal  or  separation 
was  Womersley  parameter  dependent.  Vorticity  films, 
presenting  the  exact  susceptible  loci,  animated  the 
separation  and  reattachment  cycles.  The  mechanism 
of  energy  transfer  from  larger  to  smaller  scale  eddies 
may  imply  of  preferred  deposits  locus.  The  flow 
profile  and  spectra  was  dependent  on  the  anastomosis 
angle  and  the  graft  elasticity.  Changes  in  the 
Reynolds  number  left  their  well-defined  signature  in 
the  spectra,  however,  the  Womersley  parameter  did 
not  exhibit  a  specific  tendency.  A  stiffer  model 
resulted  in  a  much  wider  spectral  distribution.  The 
introduction  of  a  system  capable  of  the  PIV  spatial 
resolution  combined  with  the,  yet  partial,  LDV 
temporal  resolution  is  very  important  when  examining 
unsteady  whole  field  flows.  This  system  enabled  us  to 
take  a  longer  look  at  the  pulsating  flow  instantaneous 
characteristics  and  its  derivatives.  It  is  expected  that 
CDPIV  temporal  resolution  will  improve  as  video 
cameras’  speed-resolution-price  ratio  keeps 
improving  with  the  drop  in  capacity-speed-price  of 
storage  devices.  It  is  therefore  important  to  find  a 
feasible  three  component  convenient  technique  for 
measurement  of  3D  CDPIV. 
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NOMENCLATURE 

DPIV  Digital  Particle  Image  Velocimetry 

CDPIV  Continuous  DPIV 

a  Womersley  Number 

Re  Reynolds  Number 

St  Strouhal  Number 

BPM  Beats  Per  Minute 


REFERENCES 

Bluestein  D.,  Einav  S.,  1993,  "Spectral  Estimation  of  LDA 
data  in  pulsatile  flow  through  heart  valves", 
Experiments  in  Fluids  15,341-353,1993. 

Chandran,  K.B.;  Kim,  Y.-H.,  1994,  "Mechanical  aspects  of 
vascular  graft-host  artery  anastomoses",  IEEE 
Engineering  in  Medicine  and  Bio.  Magazine  Vol:  13, 
Iss  4  p.  517-24 

Chang,  K.C.,  Tseng,  Y.Z.,  Kuo,  T.S.,  Chen,  H.I.,  1995, 
"Impedance  and  wave  reflection  in  arterial  system: 
simulation  with  geometrically  tapered  T-tubes",  Medical 
&  Biological  Engineering  &  Computing,  Vol:  33  Iss:  5 
p.  652-60  Sept.  1995 

Enden  G.  and  Popel  A.  S.,  1994,  "Numerical  study  of 
plasma  skimming  in  small  vascular  bifurcations"  J. 
Biomechanical  Eng.  Transactions  of  the  ASME  v.116, 
p79-88,  1994. 

Fei,  Ding  Yu;  Thomas,  James  D.;  Rittgers,  Stanley 
E.,1994,"Effect  of  angle  and  flow  rate  upon 
hemodynamics  in  distal  vascular  graft  anastomoses:  A 
numerical  model  study",  J  BIOMECH  ENG  TRANS 
ASME.  1994  vol.  116,  no.  3,  pp.  331-336 

Grarib  M.  and  C-  E.  Willert,  1991,  "Digital  Partcle  Image 
Velocimetry",  Experiments  in  Fluids  10,  181-193,  1991. 

Hughes,  P.E.;  How,  T.V.,  1995,  "Flow  structures  at  the 
proximal  side-to-end  anastomosis.  Influence  of 
geometry  and  flow  division".  Transactions  of  the 
ASME.  Journal  of  Biomechanical  Engineering,  Vol: 
117  Iss:  2  p.  224-36 

Keynton,  R.S.;  Rittgers,  S.E.;  Shu,  M.C.S.,  1991,  "The 
effect  of  angle  and  flow  rate  upon  hemodynamics  in 
distal  vascular  graft  anastomoses:  An  in  vitro  model 
study.",  TRANS.  ASME  J.  BIOMECH.  ENG.  1991.  vol. 
113,  no.  4,  pp.  458-463 

Kim,  Y.H.;  Chandran  (a),  K.B.,  1993,  "Steady  flow 
analysis  in  the  vicinity  of  an  end-to-end  anastomosis", 
Biorheology,  Vol:  30  Iss:  2  p.  117-30 

Kim,  Y.H.;  Chandran  (b),  K.B.;  Bower,  T.J.;  Corson,  J.D., 
1993,  "Flow  dynamics  across  end-to-end  vascular 
bypass  graft  anastomoses",  Annals  of  Biomedical 
Engineering  V.  21  Iss:4  p.  311-20 


Liepsch  D.,  Kaluzynski  K.,  1995,  "The  dynamics  of 
pulsatile  flow  in  distensible  model  arteries”,  Technology 
and  Health  Care  3,153-159,1995. 

Liepsch  D.,  Zimmer  R.,  1995,  "The  dynamics  of  pulsatile 
flow  in  distensible  model  arteries".  Technology  and 
Health  Care  3,185-199,1995. 

Ohba  K.,  Kamino  H.,  Urabe  T.,  Ikedo  S.,  1995,  "Pulsatile 
Flow  Through  a  Tapered  U  Bend  as  Simulated  Aortic 
Arch  (Flow  Characteristics  and  Velocity  Field)",  Bio- 
Medical  Fluids  Engineering,  Vol.  212  1995. 

Paz  D.,  Einav  S.,  Elad  D.,  1991,  "Numerical  Model  of 
Blood  Flow  Through  a  Bifurcation:  Interaction  Between 
an  Artery  and  Small  Prosthesis",  Med.  &  Biol.  Eng.  & 
Comput.,  1992,  30,  543-550. 

Sakurai  A.,  Ohba  K.,  Futagami  Y,  Tsujimoto  M.,  1996, 
"The  Effect  of  Longitudinal  Tention  on  flow  in 
Collapsible  Tube",  JSME  Int.  journal.,  vol  39,  No  2, 
361-367, 1996. 

Steinman,  D.A.;  Ethier,  C.  Ross,  1994,  "Effect  of  wall 
distensibility  on  flow  in  a  two  dimensional  end-to-side 
anastomosis"  J.  BIOMECH  ENG  TRANS  ASME.  1994 
vol.  116,  no.  3,  pp.  294-301 

Steinman,  D.A.;  Vinh,  Bach;  Ethier,  C.  Ross;  Ojha,  M.; 
Cobbold.  R.S.C.;  Johnston,  K.W.,  1993,  "Numerical 
simulation  of  flow  in  a  two  dimensional  end-to-side 
anastomosis  model."  J  BIOMECH  ENG  TRANS 
ASME.  1993.  vol.  115,  no.  l,pp.  112-118 

Stewart.S.F.C.;  Lyman,  D.J.,  1992,  "Effects  of  a  vascular 
graft/natural  artery  compliance  mismatch  on  pulsatile 
flow."  J.  BIOMECH.  1992.  v.  25,  no.  3,  pp.  297-310. 

Vagner,  E.A.;  Sukhanov,  S.G.;  Aptukov,  V.N.,  1982, 
"Mechanical  behavior  of  vascular  anastomoses  in 
sclerotic  arteries  and  a  model  for  this  behavior."  MECH. 
COMPOSITE  MATER.  1982.  vol.  18,  no.  2,  pp.  240- 
245 

W,  K.C.;  Marble,  A.E.;  Sarwal,  S.N.;  Kinley,  C.E.;Watton, 
J.;  Mason,  M.A.  ,1986,  "Simulation  of  coronary  artery 
revascularization.",  J.  BIOMECH.  1986.  vol.  19,  no.  7, 
p49 1-499 

White,  S.S.;  Zarins,  C.K.;  Giddens,  D.P.;  Bassiouny,  H.; 
Loth,  F.;  Jones,  S.A.;  Glagov,  S.,  1993,  "Hemodynamic 
patterns  in  two  models  of  end-to-side  vascular  graft 
anastomoses:  Effects  of  pulsatility,  flow  division, 
Reynolds  number,  and  hood  length.  J  BIOMECH  ENG 
TRANS  ASME.  1993.  vol.  115,  no.  1,  pp.  104-111 


29.  4.7 


LOW  COHERENCE  INTERFEROMETRY  FOR  FLOW  MEASUREMENT 


Adrian  Gh.  Podoleanu,  John  A.  Rogers  and  David  A.  Jackson 
Applied  Optics  Group,  School  of  Physical  Sciences,  University  of  Kent, 
Canterbury,  CT2  7NR,  United  Kingdom 
Fax:  +44  1227  827558;  e-mail:  A.G.H.Podoleanu@ukc.ac.uk 


ABSTRACT 

We  present  preliminary  results  of  imaging  into 
milk  using  a  fiberised  set-up  and  Doppler  optical 
tomography  method.  High  signal  to  noise  ratio  has 
been  obtained  with  only  150  pW  power  to  the  flow, 
penetration  range  is  up  to  2  mm. 

1.  INTRODUCTION 

Low  coherence  reflectometry  (LCR)  has  emerged 
as  a  method  for  absolute  surface  profile  and  distance 
determination  with  very  good  axial  and  transversal 
accuracy  and  has  been  applied  to  reflectance 
measurements  of  different  structures.  LCR  has  also 
been  successfully  applied  to  in  vitro  and  in  vivo 
imaging  of  different  biological  tissues.  Lately,  a  great 
deal  of  attention  has  been  devoted  to  retinal  imaging, 
Huang  D  et  al  (1991)  and  Podoleanu  et  al  (1998)  and 
in  skin  imaging  Birngruber  R  et  al  (1997).  For  such 
applications,  once  the  structure  is  investigated  in  detail 
using  LCR,  the  interest  is  to  find  more  about  the  local 
blood  flow.  Determination  of  blood  flow  in  retinal 
vessels  and  in  tiny  vessels  inside  skin  tumours  may 
offer  relevant  information  about  the  tissue  and  the 
illness.  This  technique,  termed  optical  Doppler 
tomography  (ODT)  Chen  Z  et  al  (1997),  combines 
laser  Doppler  flowmetry  with  LCR.  ODT  has  been 
applied  for  instance  to  monitor  in  vivo  blood  flow 
dynamics  and  vessel  structure  after  a  vasoactive  drug 
and  photodynamic  therapy,  Chen  (1998).  A  version  of 
this  technique,  the  color  Doppler  optical  coherence 
tomography  (CDOCT)  Izaat  et  al  (1997)  uses  colour  to 
superpose  the  velocity  mapping  over  the  anatomical 
image. 

In  comparison  with  laser  anemometry,  where  two 
beams  at  an  angle  are  used  and  the  interference  takes 


place  between  two  object  beams,  ODT  has  the 
advantage  of  interfering  the  object  light  from  the 
sensing  arm  of  the  OCT  with  a  very  powerful  beam, 
from  the  reference  arm  of  the  OCT.  However,  the 
immediate  disadvantage  of  ODT  lays  with  the  need  to 
tilt  the  flow  object,  as  the  Doppler  shift  frequency  V  is 
proportional  with  the  cosine  of  the  angle  0’  between 
the  ray  direction  and  the  flow  direction: 

v  =  2vcos0’  IX  (1) 

where  v  is  the  flow  velocity  and  X  the  wavelength 
in  air.  LCR  has  the  capability  of  achieving  very  good 
depth  accuracies  (down  to  3.7  pm,  as  demonstrated 
with  a  Kerr  lens  mode-locked  Ti:  A1203  laser  at  830 
nm).  This  has  the  potential  of  microflow  speed 
determination.  The  position  of  investigation  may  be 
chosen  using  the  LCR  in  imaging  mode  and  after  that 
the  instrument  operation  may  be  changed  to  flow 
measurement.  The  current  focus  is  on  the  reduction  of 
acquisition  time  while  maintaining  a  good  signal  to 
noise  ratio,  which  calls  for  investigations  into  new, 
improved,  interferometric  configurations. 

A  form  of  LCR,  dynamic  low  coherence 
interferometry  (DLCI)  was  reported  by  Bizheva  et  al 
(1998)  for  noninvasive  imaging  of  Brownian  motion 
within  the  turbid  media.  A  single  axial  scan  can  be  used 
for  the  determination  of  both  optical  as  well  as 
dynamic  properties  of  the  highly  scattering,  but  low 
absorbing  medium.  The  transition  from  the  single  to 
multiply  scattering  can  also  be  characterised  using  only 
one  axial  scan. 

All  these  represent  different  versions  of  LCR  and 
prove  the  usefulness  of  the  method. 

2.  EXPERIMENTAL  SET-UP 
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Our  configuration  is  based  on  a  spliceless  array 
of  two  fiberised  single  mode  couplers.  Light  from 
either  a  pigtailed  superluminescent  diode,  SLD  or  a 
three  electrode  laser,  3EL,  both  working  on  the  same 
wavelength  (k  =  0.85  pm)  is  injected  via  the  coupler 
DCO  into  a  coupler,  DC1,  which  transmits  25%  of  the 
power  to  the  object  arm.  In  this  arm,  the  light 
propagates  through  a  phase  modulator,  PM,  which 
consists  of  2  turns  of  fiber  wrapped  around  a  piezo¬ 
cylinder.  Light  subsequently  travels  via  a  microscope 
objective,  Cl,  then  enters  an  orthogonal  scanning 
mirror  pair,  MX  and  MY,  serving  the  aiming  (imaging 
purposes)  and  passes  through  lenses  LI  and  L2  to  the 
object  (which  finally  should  be  skin,  retina,  etc).  In  our 
case,  a  silicone  tube,  ST,  with  internal  diameter  of  4.8 
mm  is  used  which  can  be  suitably  angled  at  angles  0 
between  the  ray  direction  and  the  tube  direction  and  is 
travelled  by  milk  as  a  liquid  with  known  properties  as 
measured  in  Yoon  (1993)  and  in  Yaroslavsky  (1996). 
The  flow  can  be  set  at  different  speeds  between  0  -  3 


coherence  matching  the  reference  and  the  object  arm. 
Polarization  controllers,  FPC1-3  are  mounted  in  the 
sensing  arm  and  in  each  of  the  reference  arm  ports. 
Two  photodetectors,  PD1  and  PD2  collect  the  returned 
optical  signals  from  the  optical  coupler  receiver 
outputs.  The  photodetected  signals  are  applied  to  the 
two  inputs  of  a  differential  amplifier,  DA,  in  a  balanced 
detection  configuration.  The  spectrum  of  the  signal  is 
then  analysed  on  the  spectrum  analyser  SA  and  mixed 
with  the  signal  of  frequency  f  in  the  mixer  X  to  shift  the 
Doppler  signal  about  zero  frequency. 

The  focal  length  of  the  lens  L2  can  be  adjusted 
for  different  objects.  For  retina  investigations,  the  lens 
L2  is  the  eye  lens.  For  a  lens  with  2  cm  focal  length, 
the  transversal  resolution  on  the  target  is  about  20  pm 
and  this  will  be  the  precision  in  choosing  the  area 
where  the  flow  has  subsequently  to  be  determined.  The 
depth  resolution  is  determined  as  a  convolution  of  the 
depth  confocal  profile  of  the  receiving  aperture  fibre 
(identical  in  our  set-up  with  that  of  the  launching  fibre) 


Figure  1.  Experimental  OCT  set-up 


cm/s  altering  the  power  applied  to  the  pump  P. 

The  transmitted  light  from  the  other  port  of  DC1 
(the  reference  beam),  which  is  of  much  higher  power 
than  the  signal  beam,  is  directed  via  the  microscope 
objectives  C2,  C3  and  mirrors  Ml  and  M2  to  the 
second  coupler  DC2  (receiver).  In  this  way,  light  from 
reference  mirrors  is  not  sent  back  to  the  optical  source 
(both  SLD  and  the  3EL  sources  are  prone  to 
osscillations  under  optical  feedback).  All  fibre  ends  are 
polished  at  4°  to  reduce  the  noise  associated  with  the 
backreflected  light.  The  mirrors  serving  to  recirculate 
the  reference  beam  are  mounted  on  a  computer 
controlled  translation  stage  TS1  to  allow  for  the 


with  the  correlation  profile  of  the  source  power 
spectrum  (if  the  dispersion  in  the  set-up  is  compensated 
for,  otherwise  the  final  correlation  profile  is  enlarged, 
as  shown  in  Drexler  (1998)).  The  confocal  profile 
width  of  FWHM  =  0.8  mm  was  measured  by  scanning 
a  mirror  through  the  focus  of  the  lens  L2  and  measuring 
the  amplitude  of  the  returned  signal.  In  air,  the  FWHM 
of  the  correlation  profile  is  either  20  pm  or  120  pm, 
determined  by  half  of  the  coherence  length  of  the  SLD 
or  3EL  respectively.  Consequently,  the  depth  sampling 
interval  is  mainly  due  to  the  coherence  profile. 
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3.  EXPERIMENTAL  RESULTS 

The  images  in  Fig.  2  show  an  XY  image  of  the  tube 


Figure  2.  OCT  image  for  the  empty  tube  (left)  and  for 
the  tube  filled  with  the  milk  (right).  4  mm  x  4  mm 


before  and  after  introducing  the  milk.  The  images  were 
obtained  scanning  horizontally  at  600  Hz  and  building 
a  frame  at  a  rate  of  2  frs.  The  tube  was  inclined  at  0  = 
70°.  In  the  left  hand  side  of  the  Fig.  2  right,  and  in  the 
middle,  the  light  scattered  corresponds  to  a  point  0.9 
mm  inside  the  milk.  The  internal  wall  of  the  tube 
appears  as  an  arc,  brighter  when  no  liquid  is  inside  (due 
to  the  larger  variation  in  the  index  of  refraction 
between  silicone  and  air  in  comparison  with  the 
variation  in  the  index  of  refraction  between  silicone 
and  milk). 

Fig.  3  shows  the  spectrum  of  the  signal  when  the 
reference  arm  matches  the  wall-liquid  interface.  In  this 
case  the  peaks  on  the  frequency  modulation  f  =  35  kHz 
and  on  the  2f  of  the  signal  applied  to  PM  are  shown. 
Moving  the  tube  closer  to  the  lens  L2  by  200  pm,  the 
spectrum  displays  the  split  of  the  phase  modulation 
components  with  the  amount  2v,  as  shown  in  Fig.  4. 
(The  spectrum  also  shows  a  remnant  component  on  f, 
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Figure  3.  OCT  signal  spectrum  from  the  interface 
wall-milk. 
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Figure  4.  OCT  signal  spectrum,  0.2  mm  depth, 

6  =  70°. 

due  to  the  parasitic  intensity  modulation  introduced  by 
the  piezocylinder).  A  shift  of  the  stage  by 
8  corresponds  to  a  shift  of  the  coherence  matched  point 
in  the  flow  by  5/n,  where  n  is  the  index  of  refraction  of 
the  liquid.  However,  the  waist  of  the  beam  moves 
further  away  to  n8  from  the  tube  wall.  Consequently,  in 
order  to  keep  the  waist  at  coherence,  for  each 
8  movement  of  the  translation  stage  TS2,  the 
translation  stage  TS1  has  to  be  moved  towards 
increasing  the  reference  path  by  8(n2  -1).  The 
procedure  is  called  dynamic  focus,  as  discussed  in 
Fercher  et  al  (1997)  and  Chen  et  al  (1998). 

The  graph  in  Fig.  5  shows  the  amplitude  and  the 
frequency  of  the  signal  depending  on  the  depth  inside 
the  flow  (depth  measured  in  air).  The  flow  was  set  at  8 
mm/s  and  the  dynamic  focus  method  applied.  As 
shown,  we  could  collect  signal  up  to  2  mm  inside  the 
tube. 

We  have  determined  the  Doppler  shift  as 
dependence  on  the  depth,  with  and  without  dynamic 
focus.  As  shown  in  Fig.  6,  the  two  graphs  coincide 
reasonably  well.  The  values  on  the  horizontal  axis  in 
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Figure  5.  Amplitude  of  the  Doppler  shift  component 
and  its  frequency  obtained  using  dynamic  focus  for  the 
tube  inclined  at  9  =  70°. 
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Fig.  6  were  obtained  for  the  case  without  dynamic 
focus  (when  only  TS2  was  moved)  by  dividing  TS2 
movement  by  n  and  for  the  dynamic  focus  case  by 
multiplying  the  TS2  movement  by  n.  The  coincidence 
of  the  two  graphs  proves  the  value  n  =  1.36  for  the  milk 
used  in  the  dynamic  focus  correction. 

The  tube  is  too  large  to  penetrate  beyond  the 
middle  and  register  a  decrease  in  the  speed  and 
consequently  in  the  Doppler  frequency.  However,  the 
profiles  of  the  speed  in  Fig.  5  and  6  retrace  the  laminar 
profile  of  the  flow  inside. 

The  maximum  frequency  8  kHz  in  Fig.  5  and  6 
corresponds  to  a  speed  of  16  mm/s,  obtained  from 
equation  (1)  for  0.85  pm.  For  laminar  flow  we 
expect  for  the  velocity  a  peak  of  twice  the  mean,  which 
was  8  mm/s,  according  to  Sabersky  (1971).  In  working 
out  the  frequency,  we  have  taken  into  account  the  final 
angle  between  the  ray  and  the  flow  (due  to  refraction 
in  the  silicone  material  and  then  into  the  milk)  as  well 
as  the  fact  that  the  middle  of  the  tube  for  0  =  70°  is  at 
2.55  mm  instead  of  2.4  mm. 

Doppler  shifts  for  3  different  angles  are  shown 
in  Fig.  7,  when  the  flow  was  set  at  14  mm/s. 

Fig.  8  shows  the  spectrum  analyser  profile  taken 
with  two  different  sources  with  two  different  coherence 
lengths,  300  pm  inside  the  flow  set  at  14  mm/s,  for  the 
tube  inclined  at  6  =  45°.  The  spectrum  analyser 
linewidth  was  64  Hz  and  the  signal  averaged  100  times 
(acquisition  time  15.6  x  100  =1.56  s).  The  profile 
obtained  with  the  3EL  (coherence  length  240  pm,  is  as 
expected  larger  than  the  profile  obtained  with  the  SLD 
(40  pm  coherence  length).  However,  its  amplitude  is 
similar  with  the  amplitude  obtained  with  the  SLD, 
although  the  3EL  power  is  half  of  that  of  the  SLD.  A 
possible  explanation  of  this  may  involve  the  dispersion 
effects  in  the  milk  which  are  more  important  for  SLD 
than  for  the  3EL  according  to  Drexler  (1998).  The 
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Figure  6.  Doppler  shift  measured  with  and  without 
dynamic  focus  versus  the  depth  in  the  tube  (measured 
in  air). 


Figure  7.  Doppler  shift  dependence  on  the  depth  inside 
the  tube  for  different  angles  0. 


FWHM  are  0.4  kHz  with  the  SLD  and  1  kHz  with  the 
3EL.  The  peak  in  the  middle  represents  the  coherence 
signal  from  the  wall,  unaffected  by  the  spectrum 
enlargment  due  to  the  flow. 

4.  CONCLUSIONS 

Experiments  have  shown  that  the  OCT  system 


Figure  8.Coherence  signal  spectra  for  two  low 
coherence'  sources  with  two  different  coherence 
lengths. 


has  sufficient  sensitivity  to  obtain  images  from  within  a 
dense  scattering  liquid  (milk).  Using  the  DOCT 
method,  the  flow  speed  can  be  accurately  determined. 

The  Doppler  shifts  were  determined  by 
averaging  the  spectra  over  time  intervals  of  1-2  s.  This 
means  that  for  each  pixel  in  the  image.  When  imaging. 
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the  Doppler  shift  introduced  by  the  galvanomirror,  as 
shown  in  Podoleanu  et  al  (1996)  adds  to  the  Doppler 
shift  produced  by  the  fluid. 

In  order  to  eliminate  the  tilt  influence  on  the 
value  of  the  speed  determined  using  the  DOCT 
method,  the  imaging  mode  of  the  OCT  can  be  used  to 
find  the  tilt.  This  will  be  especially  useful  in  those 
cases  where  the  object  is  inaccessible,  as  for  instance 
the  retina. 

Experiments  are  continuing  in  order  to 
implement  the  two  operation  principles,  imaging  plus 
flow  characterization  in  vivo. 
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ABSTRACT 

The  in-cylinder  flow  of  IC-engines  has  a  large  effect 
on  mixture  preparation  and  combustion.  Especially 
for  future  combustion  concepts  like  lean-burn 
engines,  the  knowledge  of  the  interaction  between  the 
in-cylinder  flow  and  combustion  as  well  as  the 
interdependencies  between  the  global  flow  structure 
and  the  mixing  process  are  becoming  essential. 

The  two  dimensional  velocity  field  inside  the  cylinder 
of  a  four  stroke  Si-engine  was  investigated  by  means 
of  digital  Particle  Image  Velocimetry  (PIV).  For 
observation  of  the  tracer  particles  a  double  frame 
CCD  camera  was  used  with  endoscopic  optics,  due  to 
practical  difficulties  coupled  with  the  design  of  an 
optically  accessible  cylinder.  The  use  of  an 
endoscope  for  observation  of  PIV  images  provided  a 
simple  optical  access  and  a  very  easy  handling,  but 
endoscopic  optics  lead  to  a  distortion  of  the  recorded 
images. 

Therefore  multiple  investigations  were  performed  to 
develop  a  calculation  method  for  correction  of 
distorted  PIV  measurements.  This  report  presents  two 
different  methods  to  compensate  the  distortion  by 
calculation  methods,  one  applied  to  the  PIV  raw 
image,  the  other  applied  to  incorrect  correlated  vector 
plots.  Both  techniques  are  capable  to  rectify  the  PIV 
measurements  and  a  comparison  between  the  methods 
revealed  good  agreement.  The  results  of  the  PIV 
measurements  demonstrate  the  flexibility  which  can 
be  achieved  with  the  use  of  an  endoscope  for  flow 
field  observation. 


1.  INTRODUCTION 

Considering  new  combustion  concepts  like  direct 
injection  engines  the  tuning  of  the  flow  field  inside 
the  cylinder  of  IC-engines  became  more  important. 


These  engine  concepts  require  controlled  gas  motion 
such  as  tumble  or  swirl  over  a  wide  range  of 
operating  conditions.  Since  new  four  valve  engines 
use  various  piston  designs  and  variable  swirl  and 
tumble  inlet  ducts,  it  is  crucial  to  have  a  precise 
knowledge  of  the  structure  of  the  in-cylinder  flow 
The  first  steps  of  the  development  of  new  engines  are 
mostly  done  by  using  CFD.  With  new  powerful 
numerical  calculation  methods,  it  is  possible  to  obtain 
good  predictions  for  in-cylinder  gas  motion. 
However,  experimental  flow  data  are  required  as 
boundary  conditions  and  for  validation  of  the 
multidimensional  in-cylinder  models.  Further  on, 
some  phenomena  like  cyclic  variations  for  example 
can  not  be  predicted  with  numerical  methods. 
Therefore  the  interest  in  the  measurement  of  the  in¬ 
cylinder  flow  field  is  still  very  strong.  Measuring  the 
in-cylinder  flow  in  IC-engines  is  a  difficult  task,  due 
to  the  unsteady  transient  flow  processes  with  high 
velocities  and  high  gas  temperatures.  Therefore  the 
application  of  laser  techniques  is  essential.  These 
measurement  techniques  always  require  optically 
accessible  cylinders.  For  that  reason  most 
investigations  must  be  done  with  expensive  test  rig 
set-ups  and  furthermore  at  low  engine  speeds  because 
of  the  limited  stability  of  quartz  parts.  In  order  to 
speed  up  the  development  process  of  new  engines,  the 
experiments  should  carried  out  with  test  engines 
which  are  close  to  the  production  engine. 

Many  experimental  studies  report  results  on  in¬ 
cylinder  flow  using  optical  measurement  systems. 
Most  common  techniques  are  Laser  Doppler 
Anemometry  (LDA)  and  Particle  Image  Velocimetry 
(PIV).  The  PIV  technique  has  become  more 
important  because  a  whole  instantaneous  flow  field 
can  be  obtained  with  one  single  measurement. 
Remarkable  advances  has  been  made  in  the  last  years 
with  the  development  of  digital  image  recording  and 
processing,  so  that  the  PIV  technique  today  is  a 
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powerful  tool  for  flow  visualization  which  can  be 
handled  easily  (e.g.  Reuss  et  al,  1995, 
Charoenphonphanich  1996,  Rouland  1997). 
However,  especially  the  PIV  technique  requires  full 
optical  access  for  illumination  and  recording  of  tracer 
particles.  One  way  to  realize  a  good  optical  access 
without  expensive  quartz  cylinders  is  the  use  of 
endoscopic  optics  (NeuBer  1995).  But,  the 
application  of  endoscopes  leads  to  radial  symmetric 
distortion  of  the  images.  This  distortion  is  caused  by 
the  wide-angle  lenses  of  the  optical  arrangement 
which  yields  incorrect  correlation  of  the  particle 
displacement  and  thus  erroneous  vectors.  Since  the 
distortion  of  wide-angle  optics  is  determined,  it  can 
be  compensated. 

This  report  focuses  on  the  use  of  endoscopic  optics 
for  recording  PIV  images  and  different  possibilities 
are  shown  to  compensate  distortion.  In  the  present 
study  DPIV  measurements  were  carried  out  inside  the 
cylinder  of  a  single  cylinder  four  stroke  engine.  In 
this  engine  an  endoscopic  optics  was  used  due  to 
practical  difficulties  coupled  with  the  design  of  an 
optically  accessible  cylinder. 

2.  ENDOSCOPIC  OPTICS 


a  plot  of  magnification  versus  working  distance  is  a 
hyperbola  as  shown  in  figure  2. 


Figure  2:  Magnification  on  the  optical  axis  versus 
working  distance  for  an  endoscope 

Moreover,  the  magnification  of  an  object  line 
segment  varies  with  its  distance  from  the  optical  axis. 
This  aberration  is  caused  by  the  special  arrangement 
of  lenses  and  aperture  (iris)  in  endoscopes  and  is 
called  distortion.  As  the  magnification  decreases  with 
the  distance  from  the  axis  the  distortion  is  negative 
and  a  straight  line  in  the  object  plane  is  imaged 
concave  toward  the  axis.  Figure  3  shows  a  distorted 
and  a  non-distorted  image.  The  appearance  of  these 
images  explains  the  terminology  “barrel”  distortion 
occasionally  applied  to  this  aberration. 


Endoscopes  are  basically  very  thin  periscopes  and 
they  are  widely  used  for  medical  applications. 
Recently,  endoscopes  are  more  and  more  used  for 
technical  applications  like  for  example  the  visual 
examination  of  cavities. 

The  optical  system  of  an  modern  endoscope  consists 
of  an  objective,  a  various  number  of  relay  systems  for 
image  transmission  and  an  ocular  at  the  eyepiece,  as 
shown  in  figure  1.  In  order  to  increase  the  total 
amount  of  light  that  can  be  transmitted  through  the 
optical  system  Hopkins  (1976)  developed  the  rod  lens 
system  where  due  to  the  short  air  spaces  the  light 
transmitting  capacity  was  doubled. 


outer  diameter 


total  length 


Figure  1:  Optical  system  of  an  Hopkins  endoscope 

The  magnification  of  an  endoscopic  optics  is 
inversely  proportional  to  the  working  distance.  Hence 


iiiiiB 

fft  iff  MHgag 1 

^5;!gSS: 

gggggBSSB 

IBl 

Bags  Mil 

iS§Si§fgg 

SfSSiSSMiiinoWliwJwSw 

ISSaKSSiSSlf 

fiHSSHU 

eiMVQMaiiSl^peeiiSiiiriv 

mm 

gagSjgii 

iilplilii 

*SS£«£"52 

mm 

A  ^  f  A  4. 

gjgfgg! 

■nUte  111  £5  SS&bBS 

»s 

aggwiffg 

|si|§§§§§§ 

aw 

non-distorted 


distorted 

Fig.  3:  distorted  and  non-distorted  image 


31.1.2 


As  the  magnification  varies  with  the  radial  distance  of 
an  object  point  from  the  optical  axis,  the  distortion  is 
radial  symmetric.  Distortion  is  usually  measured  in 
terms  of  the  distance  of  the  actual  image  point  from 
the  image  point  that  would  result  if  the  magnification 
throughout  the  field  were  equal  to  that  near  the  axis, 
relative  to  the  distance  of  the  latter  to  the  axis.  When 
thus  measured,  distortion  is  proportional  to  the  square 
of  the  image  height.  On  the  optical  axis  the  distortion 
is  zero. 

Apart  from  distortion,  a  further  problem  results  by  the 
application  of  endoscopes  for  visual  examinations. 
Due  to  the  small  aperture  and  the  large  number  of 
optical  elements  used  in  endoscopes  a  much  stronger 
illumination  is  needed.  However,  with  the  use  of 
stronger  light  sources,  this  problem  can  be 
compensated  (Levi  1968,  Hett  1969). 


Fundamentally  there  are  two  different  approaches  to 
solve  the  problem.  One  way  is  to  rectify  the  PIV 
bitmap  images  before  the  cross-correlation  procedure. 
The  second  way  is  the  correction  of  the  erroneous 
vectors  after  correlation  of  the  incorrect  particle 
displacement  on  distorted  images.  Both  techniques 
have  been  developed  and  will  be  described  and 
compared  in  the  following  sections. 

Correction  of  raw  bitmaps 

To  correct  the  bitmaps,  a  mapping  procedure  using  a 
calibration  image  was  utilized.  The  procedure  is  very 
similar  to  one  used  by  Willert  (1997)  to  rectify 
stereoscopic  PIV  images  and  is  also  broadly  used  in 
the  field  of  Digital  Image  Processing  ,  Gonzalez  et  al. 
(1992).  It  consists  on,  creating  a  mapping: 


3.  CORRECTION  OF  DISTORTION 


The  distortion  of  the  PIV  images,  as  mentioned 
above,  obviously  lead  to  a  incorrect  correlation  of 
particle  displacement  because  of  the  incorrect 
positions  of  pixels  on  the  image.  As  the  distortion  D 
is  radial  symmetric  the  problem  can  be  described 
mathematically  as  follows: 

D  =  l  +  A(/>3  +  Bf  °=7  (1) 


object  plane 

field  of  view 


endoscope 


Figure  4:  Angle  of  view  and  radius  on  the  object 
plane 

According  to  figure  4,  R  is  the  real  radial  distance  of 
an  object  point  from  the  optical  axis  and  r  is  the  radial 
distance  of  the  distorted  referring  image  point  from 
the  center  of  the  image.  The  factors  A  and  B  are 
parameters  which  have  to  be  found  with  a  calibration 
procedure. 

Due  to  the  complexity  of  the  optical  system,  the 
parameters  of  distortion  of  an  endoscope  can  not  be 
predicted,  as  a  precise  knowledge  of  all  optical 
components  would  be  indispensable.  Therefore 
empirical  and  statistical  methods  must  be  used  to  find 
the  parameters  which  describe  the  distortion  of  an 
image. 


X  =  aix2  +  a2y2  +  a2xy  +  a4x  +  a$y  +  a6 
Y  =  btx2  +b2y2  +  b2xy  +  b4x  +  b5y  +  b6 

Where  (X,Y)  are  pixel  coordinates  in  the  undistorted 
field  and  (x,y)  are  pixel  coordinates  from  an  distorted 
calibration  image.  The  pairs  of  corresponding  points 
are  calculated  through  cross-correlating  the  distorted 
image  with  a  point,  and  superimposing  an  image  of 
the  correct  calibration. 

To  obtain  the  12  coefficients  for  each  point  in  the 
calibration  image,  6  neighboring  points  are  needed. 
The  criteria  is  to  select  the  6  closest  points.  Naturally 
this  introduces  errors,  especially  in  the  borders,  where 
bigger  variations  in  distortion  are  expected  between 
the  points. 

After  obtaining  the  coefficients  for  all  points  in  the 
distorted  calibration  image,  the  inverse  mapping  of 
equations  (2)  is  used  to  determine  for  the  coordinates 
(X,Y)  what  point  given  by  (x,y)  rounded  to  the  next 
integer  is  closest  in  the  distorted  image.  Then  the  gray 
value  of  this  point  is  attributed  to  the  pixel 
coordinates  (X,Y). 

Correction  of  vector  plot 

For  the  use  of  this  technique  it  must  be  assumed  that 
the  cross-correlation  of  the  particle  displacement  is 
possible  in  spite  of  the  distortion  of  the  image.  This 
problem  could  appear  when  using  endoscopes  with  a 
wider  field  of  view  which  provide  stronger 
distortions. 

The  basic  principle  of  this  method  is  the 
determination  of  the  error  of  correlated  vectors  due  to 
the  distortion  of  the  raw  bitmaps.  For  the  cross- 
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correlation  the  images  are  divided  into  interrogation 
regions.  In  this  sub-areas  the  particle  displacement  is 
assumed  to  be  equal.  Accordingly  the  distortion  is 
assumed  to  be  equal.  The  correlation  of  distorted 
particle  images  results  in  a  shortening  of  the  absolute 
value  and  in  a  rotation  of  the  vector.  Furthermore  the 
vector  has  a  false  position.  As  the  distortion  of  the 
vectors  depends  on  their  radial  distance  from  the 
optical  axis,  it  can  be  described  with  parameters 
which  represent  a  torsion  (aft)  and  deformation  (a,b) 
of  the  local  cartesian  x,y-coordinate  axis  of  the 
interrogation  area.  Figure  5  explains  this  relation. 


Figure  5:  Deformation  and  torsion  of  coordinate  axis 
due  to  distortion  of  images,  distorted  vector  V’, 
correct  vector  V. 
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With  known  parameters  a,  b,  a  and  /?  for  each 
interrogation  area,  the  corrected  vectors  can  be 
calculated  as  follows.  A  distorted  vector  V’  is 
transformed  into  the  distorted  coordinate  system  r\ 
as  shown  in  figure  6.  The  components  of  V’  in  the 
distorted  coordinate  system  T\  are  V,  and  Vn 
calculated,  according  to  figure  6,  with  the  equations 
below. 


Figure  6:  Distorted  coordinate  axis 


The  determination  of  the  parameters  is  performed 
with  two  virtual  PIV  images,  one  with  a  known 
virtual  shift  in  x-direction  ( X-shift )  and  one  with  a 
known  shift  in  y-direction  (Y-shif t).  The  erroneous 
vectors  V’  are  then  normalized  with  the  vector  Vopt.ans 
in  the  center  of  the  image  where  the  distortion  is  zero. 
The  deformation  in  x-  direction  a  and  in  y-direction  b 
are  calculated  as  follows: 


[( 

y.*K  j 

' 

local 

[l 

'1 

lv,2x+v’l )  . 

x  Y  / opt. axis  _ 

Jv’l+v* 

\ocal 

jv*+V*) 

ipt.axis 

(3) 


Vx  and  Vy  are  the  cartesian  components  of  an  vector 
V.  The  torsion  of  the  local  coordinate  axis  or  and  >3  is 
given  by: 
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Then  the  rectified  vector  V  can  be  calculated  with  the 
following  equations: 


Finally  the  position  of  the  vector  must  be  corrected. 
As  mentioned  above,  the  distortion  is  described  by 
equation  (1),  with: 

(j)  =  arctan  (/?//)  0) 
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Where  l  is  the  distance  of  the  object  plane  from  the 
entrance  pupil  of  the  endoscope.  The  correct  position 
x  and  y  of  the  vector  is  determined  with  Ax  and  Ay: 

Ax  =  /?’(D-l)-cos0  ;  Ay  =  R’(D - 1) •  sin <j> 

x  =  x’  +  Ax  ;  y  =  y’  +  Ay  (8) 

The  factors  A  and  B  for  determination  of  the 
distorsion  D,  can  be  obtained  easily  with  a  calibration 
image,  e.g.  like  shown  in  figure  3. 

Calibration  procedure 

With  a  calibration  procedure  of  the  endoscope  and 
camera  objective,  the  parameters  of  distortion  can  be 
determined  once  and  then  used  to  rectify  all 
measurements  done  with  this  arrangement.  The 
endoscope  used  for  the  investigation  was  a  forward 
viewing  Storz  Boroskop,  Type  86270  AF  with  a  field 
of  view  of  67  degree,  an  outer  diameter  of  6.5  mm 
and  a  total  length  of  200  mm.  The  determination  of 
the  parameters  needed  for  the  rectification  of  the  PIV 
measurements,  was  performed  with  a  virtual  image  of 
particles,  containing  equidistant  white  dots  on  black 
background  (Fig.  7).  This  image  was  recorded 
through  the  endoscope  using  the  same  configuration 
like  in  the  measurements  and  the  parameters  for  the 
rectification  of  the  bitmaps  were  calculated. 


Figure  7:  Calibration  image 


Additional  frames  were  recorded  with  small 
displacements  to  the  latter.  The  cross  correlation  of 
these  images  yielded  the  vector  field  with  which  the 
rectification  parameters  for  the  correction  of  vector 
plots  were  determined 

The  following  plots  show  the  parameters  of 
deformation  a  and  b  and  the  angles  of  torsion  a  an  p 
of  the  coordinate  axis. 


Comparison  between  the  methods 

With  both  methods  distorted  particle  images  with  a 
virtual  shift  between  the  images  were  processed.  The 
result  of  the  cross  correlation  of  the  distorted  images 
is  shown  in  Figure  9. 


Figure  9:  Virtual  parallel  flow,  cross  correlation  of 
distorted  images 

The  torsion  and  deformation  of  the  vectors  is  shown 
in  Figure  10. 


Figure  10:  Deformation  and  torsion  of  vectors  of  the 
test  images 

As  the  whole  image  was  linear  shifted  with  an  angle 
of  45  degrees  all  vectors  should  have  the  same 
absolute  velocity  and  the  same  angle. 


To  compare  the  methods  this  virtual  PIV 
measurement  was  rectified  using  the  procedures 
described  above.  The  corrected  bitmap  image  is 
shown  in  figure  11. 


Figure  11:  Rectified  bitmap 

The  cross-correlation  of  the  rectified  bitmap  images 
leads  to  the  velocities  shown  in  figure  12. 


Figure  12:  Rectified  velocity  V  of  virtual  parallel 
flow,  cross  correlation  of  rectified  bitmaps 

Figure  13  shows  the  corrected  velocities  of  the 
erroneous  vector  plot. 


Figure  13:  Rectified  velocity  V  of  virtual  parallel 
flow,  vectors  corrected  after  cross  correlation  of 
distorted  images 


Both  techniques  yield  the  same  correct  vectors.  The 
deviation  from  the  virtual  velocity  is  within  3%.  The 
errors  on  the  edges  are  caused  by  incorrect 
correlation  of  dark  areas  at  the  borders  of  the  image. 


4.  PIV  EXPERIMENTS 

The  PIV  measurements  were  performed  using  the 
experimental  configurations  shown  schematically  in 
Figure  14. 


Figure  14:  Experimental  setup  for  PIV  measurements 

The  laser  beams  of  two  coupled  Nd:YAG  lasers  were 
formed  into  a  planar  laser  sheet  by  passing  it  through 
a  cylindrical  and  a  spherical  lens.  The  Nd:YAG  lasers 
supply  pulses  of  532  nm  light  (second  harmonic)  with 
energies  up  to  320  mJ  and  with  a  pulse  duration  of  5 
ns,  at  a  repetition  rate  of  10  Hz.  Using  two  lasers  the 
pulse  separation  can  be  set  individually  down  to  1  ps. 
The  light  sheet  passed  through  the  cylinder  via  a 
transparent  acrylic  periphery  which  was  fitted 
between  cylinder  head  and  the  cylinder  liner.  For 
observation  of  the  light  sheet  the  endoscope  was 
mounted  into  a  sleeve  which  was  fitted  in  the  cylinder 
liner.  For  protecting  the  endoscope  and  for  sealing  the 
combustion  chamber  a  quartz  window  was  glued  on 
the  front  side  of  the  sleeve.  A  double  frame  8  bit  gray 
scale  CCD  camera  (Dantec  Doubleimage  700)  was 
mounted  in  front  of  the  endoscope  to  record  the  PIV 
images.  The  CCD  chip  has  a  spatial  resolution  of  768 
by  484  pixels  and  is  specifically  developed  for  PIV 
cross-correlation. 

This  camera  is  able  to  capture  two  frames  with 
minimum  time  between  successive  frames  of  2,5  ps. 
The  camera  was  equipped  with  a  Storz  lens  which 
was  especially  designed  for  the  use  with  endoscopes. 


The  digital  PIV  image  maps  are  transferred  to  a 
processing  unit  which  is  able  to  cross-correlate  the 
two  images  nearly  in  real  time.  For  the  evaluation 
process  of  vector  maps  a  cross-correlation  technique 
was  used  as  described  by  McCluseky  (1995).  The 
size  of  interrogation  area  was  set  to  64x64  pixel  with 
a  75  %  overlap  between  neighboring  regions.  The 
vector  maps  and  the  bitmap  images  are  finally 
transferred  to  a  PC  where  they  were  stored  and  post 
processed.  The  vector  maps  were  rectified  using  the 
methods  described  above.  Using  a  PIV  configuration 
with  a  fast  hardware 
processor,  the  correction 
of  distorted  vector  maps  is 
much  more  convenient,  as 
the  cross-correlation  can 
be  done  nearly  on-line 
without  time  intensive 
rectification  of  the  bitmap 
images. 

To  measure  at  defined 
crank  angle  positions,  the 
system  must  run  in  a 
triggered  mode  which 
allows  to  activate  the  laser 
and  the  camera  with  an 
external  trigger  event. 
Nd:YAG  lasers  are  usually 
pulsed  with  a  fixed 
repetition  frequency  due  to  thermal  effects  of  the  laser 
cavity.  Therefore  PIV  recordings  could  be  made  at 
fixed  time  intervals  only  determined  by  the  laser 
repetition  rate.  To  overcome  this  limitation  a  window 
triggered  mode  was  used.  This  mode  exploits  the  fact 
that  for  the  used  lasers,  it  was  possible  to  advance  the 
subsequent  train  of  pulses  a  small  amount  relative  to 
their  normal  firing  time  as  the  thermal  time  constant 
within  the  laser  rod  is  normally  much  longer  than  the 
pulse  repetition  rate  and  no  immediate  deterioration 
of  the  beam  quality  will  occur.  If  the  trigger  event 
comes  within  a  pre-defined  trigger  window  before  the 
regular  laser  firing  time,  the  recording  and  laser  firing 
sequences  will  be  initiated  immediately  after  the 
trigger  event  without  waiting  for  the  next  regular 
pulse  (FlowMap  User  Manual  1996). 

Using  solid  particles  for  seeding  can  be  a  problem  in 
engines  because  they  cause  abrasion  and  damage  the 
engine  very  fast.  Therefore  for  the  first  experiments 
olive  oil  seeding  particles  were  used  but  the  scattered 
light  intensity  was  to  poor.  A  compromise  was  found 
with  lycopodium  spores  (diameter  approx.  30  pm, 
specific  gravity  0.8  g/cm3).  The  particles  were 
powdered  by  a  cyclone  and  injected  into  the  air  filter 
box. 
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The  experiments  were  carried  out  on  a  single  cylinder 
4-stroke  Si-engine.  The  engine  has  a  pentroof 
cylinder  head  with  two  inlet  and  two  exhaust  valves. 
The  main  geometrical  details  of  the  engine  were  as 


follows: 

Bore:  100  mm 

Stroke:  83  mm 

Intake  valve  opening:  17°  BTDC 

Intake  valve  closure:  45°  ABDC 

Exhaust  valve  opening:  47°  BBDC 

Exhaust  valve  closure:  15°ATDC 


For  the  PIV  measurements  an  optically  accessed 
acrylic  spacer  was  fitted  between  the  cylinder  head 
and  the  cylinder.  In  order  to  keep  the  compression 
ration  constant,  the  piston  was  elongated.  The  spacer 
was  equipped  with  oil  and  water  ducts,  so  the  engine 
could  be  operated  under  real  conditions  and  no 
further  geometrical  changes  of  the  engine  had  been 
necessary. 

The  location  of  the  light  sheet  and  the  field  of  view  is 
shown  in  Figure  15.  The  flow  was  examined  in  a 
vertical  cross  sectional  plane  through  the  center  of  the 
cylinder  between  inlet  valves  and  exhaust  valves.  The 
spacer  was  34  mm  in  height. 

The  PIV  measurements  were  made  under  motored 
conditions  at  2000  rpm.  Several  crank  angle  positions 
were  investigated.  At  each  crank  angle  position  at 
least  50  measurements  were  made  to  perform  a 
statistical  analysis. 


IntotvalvM 


Figure  15:  field  of  view 


5.  EXAMPLE  RESULTS 

Finally  two  results  of  the  PIV  measurements  are 
shown  to  demonstrate  the  capability  of  the  technique. 


Figure  16  and  Figure  17  give  a  rough  impression  of 
the  entire  intake  flow  situation.  The  inlet  flow  was 
expected  to  generate  a  tumble  flow  which  results 
from  a  uneven  mass  flow  distribution  over  the  intake 
valve  cross  section.  As  figure  16  shows,  a  strong  non- 
symmetric  inlet  jet  develops  but  a  strong  tumble 
vortex  can  not  be  observed.  A  second  minor  mass 
flow  is  visible  that  escapes  from  the  lower  part  of  the 
valve  head  and  then  runs  along  the  right  cylinder 
wall.  As  an  up  coming  component  can  not  be  detected 
in  this  plane,  and  furthermore  horizontal  components 
can  be  observed,  a  strong  swirling  component  must 
be  assumed. 


Figure  16:  Averaged  flow  field  at  100  CAD  ATDC 


180  CAD  ATDC 

Figure  17:  Averaged  flow  field  at  180  CAD  ATDC 
(BDC) 


6.  SUMMARY  AND  CONCLUSIONS 

The  use  of  an  endoscope  for  observation  of  PIV 
images  provides  a  simple  optical  access  and  a  very 
easy  handling.  Hence,  this  recording  technique  gives 
further  possibilities  to  use  the  PIV  technique  for 
difficult  accessible  fluid  flows.  Two  simple  methods 
have  been  introduced  for  compensating  the  radial 
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symmetric  distortion  of  images  recorded  through  an 
endoscope.  With  this  techniques,  it  is  possible  to  use 
endoscopic  optics  for  precise  PIV  measurements  and 
it  is  therefore  feasible  to  use  PIV  in  engines  which  are 
very  close  to  production  engines. 

The  drawbacks  of  glass  ring  applications  could  be 
avoided  completely  when  using  small  light  sheet 
optics  mounted  in  the  cylinder  liner.  The 
development  of  such  optics  could  increase  the 
flexibility  of  the  PIV  technique  in  the  future.  A 
powerful  measuring  tool  like  PIV  is  useless  if  it  is  not 
applicable  due  to  practical  difficulties  associated  with 
optical  access. 
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ABSTRACT 

Two  dimensional  velocity  distributions 
measured  with  cross-correlation  particle  image 
velocimetry  (PIV)  were  used  to  investigate  cycle-to- 
cycle  variations  of  a  rotating  flow  created  in  a  piston 
cylinder  assembly.  The  PIV  technique  used  here 
consists  in  recording  successive  and  separate  images  of 
the  flow  and  applying  cross  correlation  to  them.  Two 
techniques  are  used  here  to  achieve  this  goal  :  the  first 
is  concerns  the  combination  of  a  double  pulsed  Yag 
laser  with  a  special  CCD  camera.  This  camera  enables 
two  separate  images  to  be  obtained  a  very  short  time 
delay  between  them  (5|as).  The  second  technique  is 
high  speed  tomography.  The  light  source  is  a  copper 
vapour  laser  capable  of  producing  pulses  at  a  repetition 
rate  up  to  lOKHz  and  the  laser  sheet  is  recorded  with  a 
high  speed  film  camera.  The  cyclic  variations  are 
studied  by  comparing  the  instantaneous  cycles  with 
each  other,  by  comparing  these  cycles  to  the  ensemble 
averaged  flow  patterns  and  by  examining  the 
distribution  and  the  level  of  the  turbulence.  Special 
attention  will  be  paid  to  the  instabilities  accompanying 
the  small  vortex  in  the  comer  of  the  chamber. 

1.  INTRODUCTION 

The  confined  rotating  flow  is  one  of  the  most 
fundamental  and  complex  flows.  It  is  encountered  in 
several  engineering  applications,  for  example  in 
internal  combustion  engines.  In  recent  years  attention 
has  focused  in  the  automotive  industry  on  generating 
turbulence  in  spark-ignited  engines  through  large  scale 
vortices  to  achieve  fast  and  stable  combustion.  The 
fluid  motions  consist  of  large  scale  vortices  called 
"swirl"  and  "tumble".  This  type  of  flows  are  usually 
sensitive  to  small  initial  variations  in  the  flow  and  are 


subject  to  strong  instabilities  leading  to  cycle  to  cycle 
variations  in  engines,  Reynolds  (1980) ,  Daily  (1988). 
In  order  to  understand  these  phenomena,  it  is  necessary 
to  characterise  the  whole  velocity  field  of 

the  flow  at  the  same  time.  The  traditional  single  point 
measurement  probes  such  as  hot  wire  or  LDA  provide 
velocity  measurements  at  a  limited  number  of  locations 
and  consequently,  are  not  able  to  reveal  the  spatial 
coherent  structures  present  in  the  flow.  The  usual 
process  of  ensemble  averaging  many  runs  used  in  LDA 
cannot  represent  the  structure  of  the  flow  field  due  to 
the  unsteady  and  non  repeatable  nature  of  certain 
flows.  The  turbulence  intensity  is  evaluated  as  the 
difference  between  the  instantaneous  velocity  field  and 
the  ensemble  averaged  velocity  field.  The  use  of  this 
definition  can  overestimate  the  turbulence  level  in  non¬ 
stationary  rotating  flows,  since  large  variations  may  be 
included  in  fluctuation  velocity.  For  these  reasons,  the 
study  of  large  variations  requires  measurements  of  the 
instantaneous  2D  (3D  would  be  better)  velocity  field 
quantitatively  at  any  time  of  the  development  of  the 
flow.  PIV  is  revealed  as  an  excellent  tool  for  this 
analyse.  This  is  confirmed  by  the  experiments  that  will 
be  discussed  here.  Measurements  of  this  type  have 
recently  been  carried  out  in  engines  (e.g.  Nino  et  al 
(1993),  Reuss  et  al  (1995),  Rouland  et  al  (1997),  Marc 
etal  (1997)). 

The  aim  of  this  work  is  to  present  firstly  some 
experimental  results  concerning  the  velocity  fields  of  a 
rotating  flow  created  during  induction  in  a  piston 
cylinder  assembly  with  large  optical  access.  It  permits 
a  more  easy  investigation  by  optical  methods.  The 
second  objective  of  this  research  is  to  show  the  ability 
of  PIV  to  obtain  rapidly  an  appreciation  of  the  cycle- 
to-cycle  variations  accompanying  the  large  structure. 
The  third  is  to  examine  the  possible  influence  of  the 
comer  vortex  on  the  principal  flow  in  this  particular 
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configuration.  This  secondary  vortex  is  influenced  by 
unsteady  initial  conditions  and  can  modify  the  position 
of  the  main  vortex.  Of  course  the  situation  in  the  real 
internal  combustion  engine  is  very  complex  and 
different  but  the  counter  rotating  vortices  generated 
under  valve  can  lead  to  a  similar  effect  on  the  main 
vortex  and  consequently  can  be  responsible  for  cycle- 
to-cycle  variations  in  the  aerodynamical  point  of  view. 
More  generally,  the  large  structures  initiated  at  the 
beginning  of  the  cycle  can  be  responsible  of  this  kind 
of  fluctuations.  The  recently  developed  Particle  Image 
Velocimetry  technique  (Lecordier  et  al  (1994a), 
(1994b),  Mouqallid  et  al  (1994))  is  employed  in  this 
research.  The  experiment  is  conducted  in  a  single¬ 
stroke  piston  cylinder  assembly  developed  in  the 
framework  of  the  co-ordinated  French  CNRS  ARC 
Program. 

2.  EXPERIMENTAL  FACILITIES 

2.1  Combustion  chamber 

The  combustion  device  is  composed  of  two 
main  parts  :  a  combustion  chamber  of  60x60mm 
square  cross  section  and  100mm  length,  and  an 
axisymmetrical,  pneumatic-driven,  single-shot  piston 
mounted  in  a  cylinder.  The  vortex  is  created  by  a  slot 
(3x60mm)  located  in  the  comer  of  the  chamber.  The 
chamber  is  initially  filled  by  air  seeded  with  silicon  oil 
droplets.  The  piston  is  then  activated  and  locked  on  the 
inlet  surface  of  the  flow  generator  by  means  of  an 
electronically-controlled  compressed  air  supply  on  its 
rear  face.  The  total  induction  occurs  in  90ms  giving  an 
equivalent  engine  speed  of  300  revolutions  per  minute. 
Optical  access  is  provided  with  three  rectangular 
quartz  windows.  A  detailed  view  of  the  combustion 
chamber  is  shown  in  figure  1.  The  piston  is  monitored 
by  an  electronic  sequencer  whose  output  provided 
variable  trigger  pulses  to  control  the  timing  of  the 
cameras  and  laser  pulses.  The  piston  motion  is 
analysed  in  real  time  by  means  of  an  opto-electronic 
position  transducer  installed  on  the  piston  rod  in  order 
to  control  its  reproducibility. 

2.2  PIV  measurements 

Two  types  of  images  have  been  taken  :  recorded 
video  images  and  high  speed  movies. 

The  video  images  are  recorded  by  a  special  CCD 
camera  (LH510)  which  enable  two  successive 
images  to  be  acquired  with  a  very  short  time  delay. 
This  camera  is  combined  with  a  double  pulsed  Yag 
laser.  The  time  delay  between  the  two  laser  pulses  is 
set  to  about  1 0-40, us  according  to  the  velocity  field  and 


magnification  ratio.  The  laser  beams  were  focused  into 
sheets  across  the  mid  plane  of  the  combustion  chamber 
by  one  cylindrical  and  one  spherical  lens.  The  laser 
sheet  thicknesses  were  measured  and  found  to  be 
250pm.  The  pictures  were  taken  perpendicular  to  the 
laser  sheet.  With  this  camera,  the  development  of  the 
flow  can  be  observed  using  various  delays  between  the 
start  of  the  piston  movement  and  the  triggering  of  the 
laser  pulses.  A  specific  time  controller  was  used  for 
pulsing  the  lasers  and  triggering  the  camera.  To 
capture  flow  images,  an  acquisition  system  (frame 
grabber)  is  synchronised  with  the  laser  pulses.  In  the 
frame  grabber  memory,  the  images  are  digitised  in  a 
756x581  points  format  with  256  grey  levels. 


Fig.  1.  Schematic  of  the  combustion  chamber 

The  movies  were  taken  with  a  high  speed  Cordin 
camera.  With  this  system  we  can  follow  the  evolution 
of  the  flow  with  time  for  each  cycle.  To  extract 
quantitative  information  from  laser  sheet  tomography 
records,  a  high  resolution  film  acquisition  device  has 
been  used.  A  film  scanner  connected  with  a  Macintosh 
computer  digitises  each  film  picture.  This  device  is 
able  to  retain  the  high  photographic  film  resolution  and 
thus  provides  a  powerful  means  for  image  processing. 
The  light  source  is  a  copper  vapour  laser.  It  delivers 
pulses  at  an  adjustable  repetition  rates  up  to  lOKHz. 
The  laser  beam  is  focused  with  spherical  and 
cylindrical  lenses  to  produce  a  600pm  thick  laser  light 
sheet  across  the  mid  plane  of  the  combustion  chamber. 

2.3  Cross-correlation  PIV  algorithm 

An  in-house  developed  algorithm  (V2EP)  which 
is  based  on  the  cross-correlation  function  is  used  to 
calculate  the  average  displacement  of  local  groups  of 
particles  in  consecutive  images.  In  this  case,  the  flow 
exposures  are  stored  on  dissociated  supports.  The 
images  are  scanned  by  moving  the  same  two  windows 
across  each  field.  Contrary  to  auto-correlation,  a  single 
peak,  representing  the  location  of  the  maximum  of 
correlation  is  distinguished.  The  maximum  location 
gives  the  average  particle  displacement  between  the 
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two  exposures  within  the  interrogation  windows.  The 
correlation  peak  position  is  determined  by  using  a 
Gaussian  subpixel  analysis.  Thus,  this  technique  does 
not  introduce  a  displacement  ambiguity  and  resolves 
the  very  low  velocity,  including  zero  displacement. 
Consequently,  the  cross-correlation  method  is  very 
adequate  to  resolve  the  structure  of  high  speed  flows 
and  for  three-dimensional  flows  such  those  found  in  an 
internal  combustion  engine.  A  detailed  description  of 
the  cross-correlation  treatment  method  used  here  is 
given  in  Rouland  et  al  (1994). 

3.  RESULTS  AND  DISCUSSION 

The  intake  slot  (3mmx60mm)  is  located  on  one 
of  the  four  corners  of  the  chamber  as  depicted  in  figure 
1.  This  special  inlet  configuration  was  used  to  obtain  a 
rotating  flow.  In  these  experiments,  the  piston,  in 
compressing  the  seeded  air,  generates  a  jet  in  the 
chamber.  The  structure  of  the  flow  is  a  result  of  the 
interaction  of  the  intake  jet  with  the  chamber  walls. 
Firstly,  the  jet  flow  is  directed  tangently  to  the  first 
wall  and  then  deflected  by  the  other  walls  of  the 
chamber.  The  interaction  of  the  jet  with  the  wall 
produces  a  complex  structured  flow  including  two 
pairs  of  counter-rotating  vortices  shown  schematically 
in  figure  1.  The  first  one  occupies  the  entire  chamber, 
and  the  second  is  located  in  the  comer  of  the  chamber. 

The  aspects  of  flow  were  examined  for  two 
different  sizes  of  observation.  First,  the  experiment 
was  performed  with  a  field  of  view  60x90mm 
corresponding  to  an  overview  of  the  flow  field  in  the 
combustion  chamber.  A  more  detailed  view  on  the 
comer  of  the  chamber  20x30mm  reveals  the  existence 
of  a  comer  vortex  rotating  in  the  opposite  direction  to 
the  principal  vortex.  This  comer  vortex  seems  to  play 
an  important  role  in  the  development  of  the  flow  in  the 
combustion  chamber.  PIV  is  performed  at  a  precise 
time  after  the  piston  departure  (t=  100ms). 

It  is  important  to  understand  the  dynamic  behaviour  of 
this  kind  of  unsteady  flow.  The  temporal  evolution  of 
flow  during  each  cycle  will  be  investigated  by  means 
of  high  speed  laser  tomography  combined  with  cross 
correlation  PIV.  The  results  are  given  in  section  3.4. 
The  data  for  these  experiments  were  taken  at  the  later 
stage  (160ms  after  the  piston  departure)  of  the 
development  of  the  flow  because  of  the  magnitude  of 
the  velocities  in  the  flow  and  the  limited  repetition  rate 
of  the  laser. 

3.1  Cyclic  variations  of  the  flow 

A  series  of  velocity  vectors  fields  was  provided 
and  some  typical  ones  are  reported  in  figures  2a-c. 


These  figures  show  three  selected  examples  of  the 
instantaneous  velocity  vector  fields  taken  at  t=  100ms. 
The  images  corresponding  to  these  results  are  taken  on 
the  symmetry  plane  of  the  chamber.  The  origin  of  the 
coordinates  is  located  at  the  comer  of  the  chamber  in 
the  symmetry  plane.  The  sampling  window  had  a  size 
of  32  by  32  pixels  (4mmx4mm)  and  was  overlapped  by 
50%  with  the  next  window. 

As  illustrated  in  these  examples,  the  dominant 
feature  of  the  flow  field  is  a  strong  well  defined  vortex 
which  is  significantly  different  from  cycle  to  cycle.  In 
particular,  the  instantaneous  centre  of  rotation,  the  size 
and  the  shape  of  the  vortex  change  from  one 
experiment  to  the  next.  Fig  2-d  shows  an  ensemble 
averaged  velocity  field.  The  ensemble  averaged 
velocity  shows  a  smoother  distribution  than  the 
instantaneous  velocity.  By  averaging  the  data,  the 
detailed  structure  that  can  be  found  in  the 
instantaneous  flow  field  such  as  in  figures  2a-c  is  lost. 
So,  it  is  not  safe  to  characterise  the  flow  by  ensemble 
averaging  velocity,  particularly  when  the  nature  of  the 
structures  in  the  flow  is  not  repeatable.  This  further 
justifies  the  importance  of  using  the  PIV  technique  in 
the  study  of  the  unsteady  flows.  It  is  necessary  to 
analyse  engine  velocity  data  on  an  individual  cycle 
basis,  because  the  pattern  in  any  particular  cycle  can  be 
responsible  for  some  variations  in  the  time  necessary  to 
bum  the  charge  in  the  combustion  chamber. 

The  cyclic  variations  can  be  observed  on  the 
locations  of  the  centre  of  the  vortex.  We  have  used  an 
algorithm  to  find  the  centre  of  the  vortex.  This 
algorithm  is  based  on  a  comparison  with  a  pure  solid 
body  rotation  model.  Figure  3  shows  that  the  spatial 
locations  of  the  vortex  centre  for  the  instantaneous 
velocity  fields  are  highly  dispersed. 

As  an  indication  of  vortex  intensity,  the  total 
angular  momentum  of  the  flow  about  the  centre  of 
rotation  is  adopted.  The  vortex  intensity  was  calculated 
with  respect  to  a  reference  point  which  is  the  centre  of 
the  vortex.  The  vortex  intensity  was  determined  as 
follows  : 

*  =  - 

i=] 

Where  ij  is  the  distance  between  the  centre  of  the 

vortex  and  the  measurement  point,  v,  is  the  velocity 

vector  and  n  is  the  number  of  the  measurement  point  in 
the  velocity  field.  Figure  4  shows  the  vortex  intensity 
for  various  cycles.  The  comparison  between  the  cycles 
indicates  a  constant  value  of  the  vortex  intensity.  This 
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means  that  variations  observed  on  the  vortex  centre 
had  a  slight  effect  on  the  vortex  intensity.  At  the 
present  time,  the  origin  of  these  variations  is  difficult 
to  explain  and  the  basic  mechanisms  that  lead  to  cyclic 
variations  are  not  well  understood.  Reynolds  (1980) 
suggested  that  the  recirculating  flows  of  this  type  are 
usually  sensitive  to  small  variations  in  the  flow  and 
hence  there  are  probably  substantial  cycle-to-cycle 


flow  variations.  In  our  experiments,  the  cyclic 
variations  can  be  explained  by  the  fact  that  there  are 
probably  small  differences  at  initial  conditions  and 
boundary  conditions  (see  section  3.3)  between 
individual  cycles  and  there  may  be  other  physical 
effects  that  magnify  these  small  differences 
considerably. 
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Fig.  2.  Examples  of  instantaneous  (a-c)  and  mean  (d)  velocity  fields,  t-lOOms 


For  each  velocity  map,  a  single  mean  and  rms  velocity 
representative  of  the  overall  flow  were  calculated  and 
presented  in  figures  5  and  6.  The  figure  5  show  that  the 
two  component  of  the  global  mean  velocity  fluctuates 
around  the  value  zero.  The  level  of  radial  fluctuations 
(figure  6)  is  lower  than  of  the  axial  ones.  We  note  the 
slight  variations  of  these  parameters  from  one  cycle  to 
another. 

3.2  Turbulence  kinetic  energy 

The  rotating  flows  are  characterised  by  the 
breaking  up  of  the  main  vortex  (tumble)  into  smaller 
structures  during  the  compression  stroke.  By  this 
Drocess.  the  rotational  energy  of  the  tumble  is 


transferred  into  turbulence.  In  our  device,  we  cannot 
simulate  the  compression  stroke  and  consequently,  the 
turbulence  in  the  combustion  chamber  is  generated  in 
the  induction  process  by  the  shear  layers  created  by  the 
jet  and  by  other  regions  such  as  the  impingement  of  the 
jet  on  the  chamber  walls. 

In  engines  the  level  of  the  turbulence  depends  on  the 
turbulence  definition.  The  easiest  definition  of 
turbulence  is  based  on  simple  averaging  :  the  velocity 
field  is  measured  in  various  cycles  at  the  same  time; 
the  average  over  many  cycles  is  determined;  the 
turbulence  intensity  is  evaluated  as  the  difference 
between  the  cycle-resolved  and  the  mean  velocity 
field.  The  use  of  this  definition  can  overestimate  the 


turbulence  level  in  non-stationary  flows,  since  cyclic 
variations  may  be  included  in  velocity  fluctuations. 

In  order  to  separate  cyclic  variability  and  velocity 
fluctuations  associated  with  turbulence  dissipation,  it  is 
necessary  to  separate  the  high  and  low  frequency 
components  of  the  velocity  field  from  the  single  image. 
The  method  used  here  consists  of  determining  a  local 
average  over  a  square  window  in  the  spatial  domain  at 
each  grid  point  of  the  instantaneous  flowfield.  The 
low-pass  filtered  velocity  distribution  was  subtracted 
from  the  instantaneous  velocity  distribution,  resulting 
in  a  high-pass  filtered  velocity.  In  this  experiment,  the 
effect  of  changing  the  size  of  the  window  on  the 
flowfield  has  been  examined.  The  size  of  the  average 
window  is  chosen  to  be  8mm. 
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Fig.  4.  vortex  intensity  for  different  cycles. 
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Fig.  5.  Global  mean  velocity  for  different  cycles 


Fig.  6.  Global  rms  for  different  cycles 


Figures  7  and  8  show  respectively  the 
distribution  of  the  intensity  of  turbulence  for  high  and 
low  frequency  component  of  the  velocity.  The 
turbulence  is  defined  as  : 


\M  +  V 


Where  the  u  and  v  denote  the  components  of  the 
velocity.  The  distribution  corresponding  to  low 
frequency  component  of  the  velocity  (figure  7)  exhibits 
a  zone  of  "higher  turbulence"  levels  which  is  located 
near  the  centre  of  vortices  where  the  velocity  is  small, 
i.e.  in  a  zone  where  the  cycle-to-cycle  variations  are 
important.  The  figure  8  shows  that  the  intensity  of 
turbulence  corresponding  to  high  frequency  component 
of  the  velocity  is  "uniformly"  distributed  within  the 
field. 

As  for  the  LDV  measurements,  the  use  of  filtering 
technique  involves  the  selection  of  the  filter  (size  of 
the  averaging  window)  like  the  cut-off  frequency  in  the 
frequency  domain.  For  this  reason  no  attempt  is  made 
in  this  study  to  extract  a  so  called  "true"  turbulence  and 
there  is  no  doubt  that  high  resolution  PIV 
measurements  will  be  interesting  for  extraction  of 
small  scales.  This  can  be  performed  with  a  high 
resolution  camera  (1000x1000  for  example). 

3.3  Comer  vortex 

In  our  experiment,  the  comer  vortex  is  one  of 
the  factors  contributing  to  cycle-to-cycle  instabilities 
with  its  effect  on  the  principal  flow  (central  vortex). 
The  existence  of  a  comer  vortex  flow  within  an  engine 
cylinder  was  first  observed  by  Tabaczynski  et  al 
(1970)  in  water  flow,  who  concluded  that  the  vortex  is 
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generated  by  the  scraping  off  and  rolling  up  of  the 
boundary  layer  on  the  cylinder  wall  by  the  piston 
crown.  The  study  reported  here  focuses  on  instabilities 
accompanying  this  vortex. 

Figure  9  shows  three  instantaneous  velocity  fields  at 
t=100ms.  The  ordinate  and  abscissa  origin  is  at  the 
comer  of  the  chamber  on  the  symmetry  plane.  It 
corresponds  to  figure  1.  The  size  of  the  observation 
field  is  20x30mm.  The  sampling  window  had  a  size  of 
32  by  32  pixels  (1.4mmx  1.4mm)  and  was  overlapped 
by  50%  with  the  next  window. 

From  these  figures,  it  can  be  noted  that  the  substantial 
visual  differences  between  cycles  in  comer  vortex 
concern  the  size,  shape,  and  location  of  vortex  centre. 
In  particular,  we  can  observe  on  fig  9-c  that  there  is  no 
apparent  well  defined  comer  vortex  flow  such  as  the 
ones  observed  for  the  other  two  cases.  It  should  be 
noted  that  this  disappearance  of  the  comer  vortex 
existed  in  many  runs  (not  shown).  Two  possible 
explanations  for  this  behaviour  are  :  First,  the  comer 
vortex  was  not  yet  formed.  Second,  the  comer  vortex 
flow  structure  was  not  always  stable  and  sometimes 
broke  up  under  certain  conditions  soon  after  it  had 
formed.  This  instability  generated  a  more  complex  3D 
flow  structure  as  can  be  seen  the  figure  9-c  and  seems 
to  greatly  affect  the  centre  location,  the  size  and 
therefore  the  intensity  of  the  principal  flow. 


Fig  .7  .  Low-pass  filtered  turbulence  intensity 


Fig.  8.  High-pass  filtered  turbulence  intensity 


It  is  of  some  importance,  of  course,  to  understand  the 
dynamical  behaviour  of  the  comer  vortex,  its 
interaction  with  the  principal  flow  and  its  interaction 
with  the  walls  of  the  chamber.  A  first  way  to  answer 
this  question  is  through  a  knowledge  of  the  whole  time 
history  of  the  flow  with  a  good  spatial  and  temporal 
resolution  in  order  to  evaluate  information  on  how  the 
comer  vortex  motion  changes  during  one  complete 
cycle  if  possible  or  during  a  characteristic  time 
corresponding  to  the  flame  duration  (5  to  10ms). 
Unfortunately,  the  copper  vapour  laser  used  in  this 
study  does  not  permit  this,  due  to  its  limited  repetition 
rate  (lOKHz).  With  the  arrival  of  higher  repetition  rate 
copper  vapour  lasers  (up  to  40KHz),  flows  of  this  type 
can  be  examined  with  an  excellent  temporal  resolution. 
Consequently,  the  temporal  evolution  presented  in  this 
study  concerns  only  the  principal  flow  (central  vortex) 
at  its  late  stage  of  development. 

3.4  Temporal  evolution  of  the  flow 

Due  to  the  unsteadiness  of  this  flow  in  the 
combustion  chamber,  it  is  important  to  know  the  whole 
time  history  of  the  flow  field.  In  this  case  the  high 
speed  version  of  PIV  is  used.  The  camera  speed  used 
in  this  experiment  resulted  in  a  time  of  about  125ps 
between  consecutive  images.  Pairs  of  images  on  the 
film  are  processed  to  evaluate  information  on  how  the 
flow  field  is  changing.  The  sampling  window  had  a 
size  of  64  by  64  (1.8mmx  1.8mm)  and  was  overlapped 
by  50%  with  the  next  window.  This  bigger  size  of 
correlation  window  was  chosen  because  of  both  the 
higher  velocities  occurring  at  this  time  and  the  limited 
time  between  consecutive  images. 

As  mentioned  before,  in  our  experiment  the  vortex  was 
not  compressed,  so  it  continued  to  rotate  until  it  broke 
up.  These  results  were  obtained  to  study  the 
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persistence  of  the  vortex  set  up  in  the  combustion 
chamber  by  the  intake  jet.  The  results  of  the  flow 
studies  consist  of  a  series  of  films.  For  these 
experiments,  the  field  of  view  is  limited  to  40x50mm 
around  the  centre  of  the  chamber.  We  present  here  a 
small  example  of  data  obtained  by  this  technique.  The 
results  reported  in  this  section  are  excerpts  from  a  film 
(the  film  contains  52  images)  of  the  flow  field  which 
describe  the  flowfield  in  its  later  stages.  Figure  10 
presents  the  temporal  evolution  of  the  instantaneous 
velocity  distribution  taken  at  t=  160ms  after  the  piston 
start  movement.  At  this  time,  there  is  no  intake  jet  flow 
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only  the  residual  angular  momentum  of  the  vortex.  We 
can  observe  on  this  figure  that : 

-the  angular  momentum  of  the  vortex  is  so  high  that 
this  large  flow  structure  remains  active  when  the  piston 
is  stopped. 

-for  the  same  cycle,  the  evolution  of  the  vortex  is  low 
with  respect  to  the  scale  of  the  combustion  duration.  A 
small  precession  movement  can  be  observed  but  for  the 
time  range  of  few  milliseconds,  it  signifies  that  for 
each  individual  cycle  the  position  of  the  vortex  could 
be  considered  steady  but  different  from  one  cycle  to 
another.  The  comer  vortex  which  is  also  different 
could  be  limited  to  the  steady  position  of  the  vortex. 


Fig.  9.  Instantaneous  velocity  fields  ,  comer  vortex  a  t=  100ms 


4.  CONCLUSION 

This  study  presents  detailed  measurements  of  a 
rotating  flow  generated  during  the  induction  process  in 
a  piston  cylinder  assembly.  The  investigation  of  the 
flowfield  was  performed  using  cross-correlation 
particle  image  velocimetry.  The  main  conclusions  of 
this  study  can  be  summarised  as  follows  : 


-cyclic  variations  of  the  rotating  flow  were  examined 
by  comparing  several  instantaneous  distributions  from 
the  same  experimental  conditions. 

-the  flow  motion  is  dominated  by  a  complex  flow 
including  two  pairs  of  counter  rotating  vortices. 

-the  comparison  between  the  cycle-resolved  and  the 
ensemble  averaged  flows  shows  that  the  use  of  an 
ensemble  averaging  in  order  to  characterise  the  flow  is 
unsafe,  principally  when  the  flow  is  not  repeatable. 
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-the  low-pass  filtered  intensity  of  turbulence  shows  a 
maximum  near  the  centre  while  the  high-pass  filtered 
intensity  of  turbulence  is  uniformly  distributed  on  the 
flow  field. 

-the  flow  structure  of  the  comer  vortex  is  inherently 
unstable  and  breaks  up  under  certain  conditions.  This 
instability  must  be  analysed  through  the  temporal 
evolution  of  the  velocity  field  during  each  cycle. 

-the  unsteady  and  non-repeatable  nature  of  the  engine 
flow  studied  favours  the  use  of  PIV  measurements. 
Nevertheless,  the  PIV  does  not  yet  offer  the  required 
time  and  spatial  resolution  necessary  for  the 
description  of  the  turbulence  field.  A  better 
understanding  can  be  obtained  with  a  time-resolved 
PIV.  For  this  purpose  a  high  frequency  repetition  rate 

t=160.5ms  _ i  t=161.625  ms 


laser  is  needed  (lOOKHz).  Such  value  can  be  expected 
with  the  evolution  of  the  copper  vapour  laser. 
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ABSTRACT 

Improvements  in  fuel  mixture 
preparation  of  modem  IC-engines  are  only 
possible  by  a  better  and  more  detailed 
understanding  of  the  basic  processes  taking 
place  inside  the  intake  port  of  the  engine 
especially  at  cold  start  conditions. 

To  analyze  global  spray  parameters 
like  spray  tip  penetration  and  spray  cone  angle 
visualization  of  the  fuel  spray  was  done 
outside  the  engine.  The  evaluation  of  this 
parameters  was  automated  by  means  of  a 
versatile  programmable  software  for  image 
analysis.  The  influence  of  different  injection 
angles  and  air  flow  velocities  on  the  spray 
distribution  was  observed  inside  the  intake 
manifold  and  the  cylinder.  Furthermore,  the 
visualized  effects  were  correlated  to  unbumed 
hydrocarbon  (HC)  emission  measurements. 

To  provide  more  detailed  and 
quantitative  information  about  velocities  of  the 
fuel  droplets  and  the  intake  air  flow  particle 
image  velocity  (PIV)  measurements  were 
done.  With  this  technique  typical  effects  like 
droplet  wall  interaction  or  air  flow  vortices 
could  be  detected. 


1.  INTRODUCTION 

From  statistics  it  is  well  known  that 
about  70%  of  the  journeys  for  private  transport 
are  less  than  10  km.  Furthermore,  in  the  first 
60  to  80  seconds  of  driving  70%  of  the  whole 
emission  is  produced.  The  requirement  of 
meeting  the  more  stringent  emission  standards 
for  automotive  internal  combustion  engines 
under  cold  start  conditions  has  initiated  a 
comprehensive  effort  to  examine  the  elements 
of  the  engine  that  contribute  to  emission 


formation.  In  this  respect  fuel  mixture 
preparation,  as  one  of  the  key  elements,  has 
gained  special  interest.  As  pointed  out  by 
numerous  authors  (e.g.  Zhao  et  al.  1995)  a 
further  reduction  of  emissions  will  only  be 
possible  through  an  enhanced  understanding  of 
the  basic  processes  of  fuel  preparation  in  the 
intake  port  and  the  cylinder. 

The  first  stage  of  liquid  fuel  mixture 
preparation  is  the  atomization  of  the  fuel  into  a 
spray.  Typical  modem  instruments  widely 
used  for  spray  analysis  are  diffraction 
instruments,  laser  light  sheet  techniques  (LLS, 
PLIF)  (Wensing  et  al,  1997  and  Wensing  et 
al.,  1998),  phase  doppler  instruments  (PDA) 
(Kirwan  et  al.,  1989  and  Amer  et  al.,  1995) 
and  more  recently  particle  image  velocimetry 
(PIV)  (Brand  and  Merzkirch,  1994).  Great 
efforts  had  been  made  to  reduce  droplet  sizes 
by  using  for  example  air-assisted,  heated 
vaporizing,  piezoelectric  or  ultrasonic 
vibration  injectors  (Namiyama  et  al,  1989), 
Harada  et  al.,  1992  and  Saito  et  al.,  1993). 
Although  the  engine  performance  is  influenced 
by  the  spray  characteristics,  precise 
correlations  between  spray  parameters  and  e.g. 
transient  response  or  HC  emissions  do  not 
exist.  One  reason  is,  that  injection  parameters 
including  mean  drop  size,  spray  momentum, 
spray  cone  angle  and  pulse-to-pulse  variability, 
do  not  give  sufficient  information  to  describe 
the  complex  phenomena  inside  the  intake  port. 
Furthermore,  the  intake  manifold  geometry 
needs  to  be  well  matched  to  the  injection 
timing,  the  injector  position  and  the  injection 
angle.  The  whole  process  is  an  unsteady  and 
very  complex  combination  of  spray,  geometry 
and  aerodynamic  parameters. 

In  general  the  amount  of  HC  emissions 
increases  if  the  fuel  is  injected  when  the  intake 
valves  are  open.  On  the  other  hand  the 
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transient  operating  performance  is  improved  in 
some  cases.  With  increasing  drop  sizes  higher 
amounts  of  HC  emission  occur  during  open- 
valve  injection,  while  during  closed-valve 
injection  the  drop  sizes  do  not  affect  emissions 
and  performance.  In  both  cases,  open-  and 
closed-valve  injection,  wall  wetting  and  built 
up  of  wall  films  deteriorates  transient 
operating  performance  and  increases  HC 
emissions  (Yang  et  al.,  1993,  Alkidas,  1994 
and  Daniels  and  Evers,  1994). 

In  the  present  paper  the  effects  of 
injection  timing  and  spray  angle  on  the  fuel 
distribution  inside  the  intake  port  and  the 
cylinder  is  shown  by  means  of  LLS  and  PIV . 
Comparisons  are  drawn  between  the  visualized 
effects,  HC  emissions  and  in-cylinder  pressure 
measurements  ( Institut  fur  Kolbenmaschinen, 
Universitat  Karlsruhe). 


2.  EXPERIMENTAL  EQUIPMENT 

In  continuing  our  effort  to  study 
injection  concepts  for  IC-engines,  previously 
published  by  Wittig  et  al.  (1996),  Samenfink  et 
al.  (1996)  and  ElsaBer  et  al.  (1997),  the  intake 
port  of  a  real  engine  was  modified  to  study  the 
fuel  system  at  various  engine  conditions 
including  cold  start.  In  order  to  achieve  good 
optical  access  the  cylinder  head  of  a  four 
cylinder  engine  was  cut  off  in  a  plane  through 
the  middle  of  the  intake  port  of  the  outer 
cylinder.  Based  on  original  CAD  data  the  inner 
contour  of  the  missing  part  was  then  machined 
from  acrylic  glass  and  fitted  to  the  cylinder 
head,  as  can  be  seen  in  Fig.  1 . 

Cylinder  Head 


Figure  1 :  Experimental  setup  for 
visualization  an  PIV  measurements 


Fig.  1  also  shows  the  setup  of  the 
optics  for  visualization  and  PIV 
measurements.  To  generate  the  light  sheet  a 
Copper  Vapor  Laser  CVL  (Oxford)  was  used. 
The  CVL  is  a  pulsed  laser  with  a  pulse 
frequency  up  to  40  kHz  and  a  pulse  duration 
between  10  and  40  ns.  As  detector  a 
DoubleShutter  CCD-camera  (PCO)  with  high 
'’resolution  (1280x1024)  and  12bit  dynamic 
-  range  was  used  for  both  type  of  measurements. 
Coupled  trigger  and  phase  shifter  units 
allowed  independent  and  flexible  control  of 
injection,  laser,  and  camera  timing  in  order  to 
synchronize  the  exposure  with  the  injection. 


3.  VISUALISATION 

The  high  temporarily  and  spatially 
resolved  results  from  the  visualization  yield 
global  information  on  the  propagation 
characteristics  of  the  fuel  spray.  Because  of 
the  strong  cycle  to  cycle  variation  (see  Fig.  2 
right  side)  100  single  exposures  had  to  be 
analyzed  statistically  to  obtain  a  more  general 
impression  of  the  spray.  The  analysis  of  the 
images  was  automated  by  means  of  the 
programmable  software  OPTIMAS.  First  of  all 
reflections  originating  from  scattered  light  at 
the  walls  were  reduced  by  subtracting  a 
background  image.  By  means  of  setting  a 
certain  threshold,  calculated  from  a  part  of  the 
image  without  any  droplet  information,  the 
background  noise  was  separated  from  the  light 
scattered  by  fuel  droplets.  The  probability 
density  distribution  was  then  calculated  by 
adding  100  binary  images.  Fig.  2  shows  two 
single  shot  exposures  and  the  resulting 
probability  density  distribution  of  an  injection 
in  still  air  outside  the  intake  port. 


Figure  2:  Probability  density  distribution  of 
the  spray  in  still  air  outside  the  intake  port 


Single  Exposures 
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Probability  Danvty  Distrtutoo 


With  the  density  distribution  spray  parameters 
like  spray  tip  penetration  s,  spray  cone  angle  (3 
and  the  angle  between  the  two  spray  axis  a 
could  be  calculated  automatically.  Before 
starting  the  calculation  the  points  of  injection 
had  to  be  fixed.  The  automated  process  began 
with  determining  the  edge  of  the  spray  and  the 
intensities  of  the  density  distribution.  The 
program  stored  these  values  in  a  three 
dimensional  array.  By  means  of  straight  lines 
of  regression  distances  and  angles  could  be 
calculated. 

The  results  of  the  time  resolved 
measurements  are  shown  in  Figure  3. 


Time  [ms] 


Figure  3:  Spray  characteristics 


The  three  spray  characteristics 
mentioned  above  are  shown  with  the  time  after 
the  beginning  of  injection.  The  spray  tip 
penetration  increases  linearly  with  the 
injection  time.  Thus,  because  of  the  high  initial 
momentum  of  the  drops,  the  velocity  of  the 
spray  tip  is  constant  throughout  the  observed 
time  span.  The  two  spray  angles  remain 
constant  after  a  setting  time  of  about  one 
millisecond  after  injection  start.  This  kind  of 
basic  tests  performed  on  a  separate  test  bench 
in  still  air  provided  important  information  for  a 


first  evaluation  of  the  mixture  formation 
process  inside  the  intake  port  of  a  real  engine. 

In  a  second  step  the  spray  distribution 
was  investigated  inside  the  intake  manifold 
and  consequentially  inside  the  cylinder,  too. 
The  evaluation  of  the  probability  density 
distributions  was  carried  out  automatically  in 
the  same  way  as  described  above.  It  is 
remarkable  that  the  amount  of  reflections 
inside  the  intake  port  was  very  high.  Therefore 
removing  of  the  reflections  by  subtracting  a 
background  image  was  of  great  importance. 
Figure  4  shows  an  exemplary  result  for  closed- 
valve  injection  at  three  different  angular 
positions  of  the  injection  nozzle. 
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Figure  4:  Closed-valve  injection 


The  top  images  show  the  liquid  density 
distribution  of  the  spray  in  the  series 
production  engine.  The  fuel  is  accurately 
sprayed  to  the  intake  valves.  Even  minimal 
deviations  of  the  angular  position  with  respect 
to  the  series  angle  are  leading  to  massive 
droplet  impact  on  the  intake  manifold  walls. 
Under  conditions  as  shown  in  the  lower 
images  more  than  40%  of  the  fuel  mass  is 
stored  in  the  liquid  films  (Samenfink  et  al., 
1998).  This  results  in  a  longer  fuel  transport 
time  and  therefore  a  decreasing  transient 
response  (Alkidas,  1994).  The  effect  on  the 
fuel  distribution  inside  the  cylinder  is  evident 
as  well.  For  the  series  angle  the  fuel  penetrates 
into  the  cylinder  centrally  without  wetting  the 
3 1  3 spark  plug  or  the  cylinder  walls  extensively. 


For  the  ..positive11  and  the  ..negative11  angle 
wall  wetting  takes  place,  but  the  amount  of 
fuel  in  liquid  films  is  moderate. 

The  situation  changes  completely,  if 
the  fuel  is  injected  when  the  intake  valves  are 
opened.  The  image  series  in  Figure  5  shows 
the  probability  density  distributions  of  the 
spray  during  open-valve  injection.  Again  the 
angular  position  of  the  injection  nozzle  was 
varied  in  the  same  way  as  shown  in  Figure  4. 


Intake  Port  In-Cylinder 


0%  Liquid  Density  Distribution  100% 


Figure  5:  Open-valve  injection 


Closed  Valves  Open  Valves  Closed  Valves  Open  Valves 

Figure  6:  HC  emission  and  in-cylinder 
pressure 


During  closed-valve  injection  HC 
emissions  increase  for  any  deviation  from  the 
standard  injection  angle.  For  the  negative 
angle  the  HC  emissions  are  higher  and  the  in¬ 
cylinder  pressure  is  lower  than  for  the  positive 
angle,  because  wall  wetting  in  the  area  of  the 
spark  plug  and  the  outlet  valves  is  worse  than 
liquid  films  in  the  intake  valve  region.  If  the 
fuel  is  injected  when  the  intake  valves  are 
opened,  again  the  negative  angle  shows 
dramatically  high  emissions  and  low  pressures. 
The  effects  of  wall  wetting  described  above 
become  stronger,  because  the  intake  air  flow 
drags  the  fuel  droplets  to  the  upper  manifold 
wall  and  inside  the  cylinder  to  the  spark  plug 
and  the  outlet  valves.  Therefore  the  HC 
emissions  are  generally  higher  during  open- 
valve  injection  than  during  closed-valve 
injection. 


The  fuel  is  pushed  towards  the  upper 
manifold  wall.  Especially  for  the  negative 
injection  angle  most  of  the  droplets  impact  on 
the  upper  wall.  Furthermore,  inside  the 
cylinder  the  intake  air  flow  drags  the  droplets 
towards  the  spark  plug  and  the  outlet  valves.  In 
regards  to  wall  wetting  inside  the  port  as  well 
as  inside  the  cylinder  the  positive  injection 
angle  is  the  most  favourable. 

In  the  following  comparisons  between 
the  visualized  effects,  HC  emissions  and  in¬ 
cylinder  pressures  (Figure  6)  are  drawn.  The 
measurements  were  done  at  engine  operating 
conditions  of  2000  rpm  and  4  bar  average  in¬ 
cylinder  pressure.  The  values  are  demonstrated 
relative  to  the  series  angular  position  of  the 
injector  and  closed- valve  injection. 


4.  PARTICLE  IMAGE  VELOCIMETRY 

In  order  to  gain  more  detailed  and 
quantitative  information  on  the  flow  and  the 
velocity  of  individual  droplets  particle  image 
velocimetry  (PIV)  measurements  were 
performed  with  the  same  setup.  PIV  is  a 
suitable  technique  to  measure  under  highly 
unsteady  conditions,  because  it  records  a  2D 
flow  situation  at  one  instance  of  time. 

The  double  shutter  camera  allowed  to 
get  two  consequential  images  with  a  short  time 
gap  of  about  200  ns.  Because  the  maximum 
pulse  frequency  of  the  laser  (30  kHz)  limited 
the  image  acquisition,  the  exposure  timing  had 
to  be  fitted  to  the  laser  frequency.  Therefore, 
the  dynamic  range  for  the  presented  setup  was 
about  40  m/s.  The  maximum  detectable 
velocity  depends  on  the  offset  controlled  by 
the  software.  The  spatial  resolution  depends  on 
the  size  of  the  correlation  spot,  which  had  to 
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be  64  pixel  to  obtain  a  satisfactory  correlation 
intensity.  Due  to  the  double  shutter  option, 
data  acquisition  and  processing  was  possible 
using  the  cross  correlation  technique,  that  can 
handle  lower  quality  images.  For  the 
evaluation  of  the  measurements  the  PIV 
analysis  software  package  VISIFLOW  (AEA) 
was  used.  The  post-processing  of  the  vector 
plots  was  carried  out  by  means  of  the 
programmable  data  base  software  ACCESS. 
To  reduce  cycle  to  cycle  variations  and  to 
provide  a  more  general  result  a  statistical  data 
reduction  had  to  be  done  with  the  PIV  vector 
plots.  Therefore,  the  automation  of  the 
evaluation  process  with  VISIFLOW  and 
ACCESS  was  inevitable.  Figure  7 
demonstrates  a  phase  averaged  vector  field 
from  100  individual  exposures  (top  image) 
together  with  a  single  exposure  of  the  droplet 
impact  area  at  the  lower  wall. 


During  fuel  injection  the  intake  valve 
was  closed  and  the  fuel  nozzle  was  oriented  at 
a  positive  angle.  The  droplets  start  off  the 
injector  at  velocities  of  about  24  m/s.  They  are 
decelerated  to  about  20  m/s  at  the  spray  tip. 
Obviously,  the  droplets  at  the  edge  of  the  spray 
have  lower  absolute  velocities  with  a  higher 
standard  deviation  compared  to  the  droplets  on 
the  middle  axis.  The  direction  of  the  vectors 
shows,  that  many  droplets  hit  the  wall  on  the 
bottom  of  the  manifold.  The  area  of  impact 
was  zoomed  out  (lower  image  of  Fig.  7)  to 
demonstrate  droplet  wall  interaction.  Under 
the  presented  conditions  the  momentum  of  the 
droplets  was  relatively  high.  Therefore,  the 
droplets  impacting  the  wall  were  destroyed 
and  secondary  droplets  of  smaller  size  and 
different  trajectories  were  ejected  (droplet 
destruction  or  splashing,  see  Samenfink  et  al, 
1998).  The  impact  velocity  was  about  20  m/s 
and  the  average  impact  angle  35°,  whereas  the 
ejected  droplets  had  velocities  of  about  13  m/s 
and  an  angle  of  30°.  From  measurements  of 
the  primary  spray  the  mean  droplet  diameter 
was  known  to  be  about  150  pm.  Velocities  and 
angles  measured  with  PIV  did  exactly  match 
the  values  calculated  with  correlations  from 
Samenfink  (1998). 

Especially  during  open-valve 
injection  the  influence  of  the  air  flow  on  the 
spray  distribution  was  of  particular  interest. 
Therefore  the  intake  air  flow  was  seeded  with 
small  DES  particles  (SMD  <  5  pm,  Palas  PIV- 
generator).  Figure  8  shows  a  phase  averaged 
vector  plot  of  the  air  flow  field  from  100 
individual  exposures  and  a  single  exposure  of 
the  injector  tip  region. 

The  averaged  vector  plot  on  the  right 
side  demonstrates,  that  the  air  flow  at  the  entry 
into  the  intake  port  was  directed  towards  the 
upper  wall,  which  corresponded  to  the 
measurements  of  the  liquid  phase.  A 
conspicuous  area  was  discovered  in  the  region 
of  the  injector  tip,  where  slow  velocities  had 
been  detected.  The  single  exposure  vector  plot 
on  the  left  side  of  figure  8  shows  a  strong 
vortex  because  of  a  flow  separation  at  the 
flange  of  the  cylinder  head.  In  the  vortex  and 
at  the  walls  fuel  could  be  accumulated,  which 
affects  the  transient  response  of  the  engine. 


Figure  7 :  Averaged  and  individual  droplet 
velocity  distributions  inside  the  intake  port 
from  PIV  measurements 
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Figure  8:  PIV  measurements  of  the  intake  air 
flow 


5.  CONCLUSIONS 

A  further  reduction  of 
emissions  especially  at  cold  start  conditions 
will  only  be  possible  through  an  enhanced 
understanding  of  the  basic  processes  of  fuel 
mixture  preparation  inside  the  intake  port  and 
the  cylinder.  Therefore  visualisation  and,  to 
get  more  detailed  information  about  droplet 
trajectories,  PIV  measurements  were  carried 
out  under  realistic  engine  like  conditions. 

By  means  of  a  laser  light  sheet 
technique  and  CCD-camera  based  image 
processing  the  two  phase  flow  was 
investigated.  The  evaluation  of  fuel  density 
distributions  and  spray  parameters  was 
automated  by  means  of  a  programmable  image 
analysis  software.  The  post-processing  of  the 
PIV  vector  plots  was  improved  and  automated, 
too. 

The  influence  of  different  injection 
angles  and  air  flow  velocities  on  the  spray 
distribution  and  hydrocarbon  emissions  was 
observed  inside  the  intake  manifold  and  the 
cylinder.  If  the  injection  angle  deviates  from 
the  series  position  and  the  fuel  is  injected 
when  the  intake  valves  were  opened,  intense 
interaction  and  of  the  spray  with  the  wall  and 
built  up  of  wall  films  could  be  observed. 
Especially  for  the  open-valve  injection  the  fuel 
wets  the  inner  cylinder  walls  at  the  critical 
area  close  to  the  outlet  valves.  Therefore  the 


HC  emissions  were  always  higher  for  open- 
valve  injection  compared  to  closed-valve 
injection.  By  means  of  phase  resolved  and 
phase  averaged  PIV  measurements  detailed 
and  quantitative  information  about  the 
trajectories  of  the  fuel  droplets  and  the  intake 
air  flow  could  be  provided.  Important 
phenomena  like  droplet  wall  interaction  could 
be  studied.  The  results  from  experimental 
investigations  corresponded  well  with  recently 
published  correlations  from  Samenfink  (1998). 
In  the  area  of  the  injector  a  strong  vortex  was 
found.  This  vortex  could  lead  to  increased  wall 
wetting  near  the  injector  and  therefore  to 
impaired  transient  response  of  the  engine. 

By  means  of  these  results  together 
with  some  additional  PDA  measurements 
planned  in  the  future  analytical  and  numerical 
models  and  simulations  will  be  evaluated  and 
improved.  In  a  joint  project  at  the  University 
of  Karlsruhe  together  with  the  Institut  fur 
Kolbenmaschinen  and  sponsored  by  the 
Forschungsvereinigung  V  erbrennungskraft- 
maschinen  e.V.  (FVV)  complementary 
investigations  with  a  fired  engine  are  under 
way  to  complete  the  study  with  combustion 
and  emission  measurements. 
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Abstract 

The  behaviour  of  axially  compressed  in-cylinder  swir¬ 
ling  flow  has  been  investigated  in  a  rapid  compression 
machine.  The  experiment  represents  an  idealization 
of  the  flow  field  found  in  internal  combustion  engines. 
Laser  Doppler  measurements  of  all  three  velocity  com¬ 
ponents  were  carried  out  for  a  variety  of  swirl  numbers 
and  compression  rates.  Results  for  two  geometries,  a 
flat  cylinder  head  and  a  bowl-in-head  geometry,  will 
be  presented.  The  experimental  data  serve  as  a  re¬ 
ference  for  numerical  simulations  including  direct  nu¬ 
merical  simulations  (DIMS)  and  numerical  predictions 
utilizing  Reynolds  stress  modeling  (RSM). 

1.  Introduction 

The  importance  of  swirl  effects  upon  the  performan¬ 
ce  of  I.C.  engines  has  been  documented  by  nume¬ 
rous  investigations  ([1],[2]).  Especially  in  the  field 
of  D.I.  engine  development  (both  high-speed  Diesel 
and  D.I.  gasoline  engines),  the  properties  of  intake¬ 
generated  swirl,  its  break  down  and  interaction  with 
squish  effects  and  thereby  its  ability  to  generate  or 
sustain  turbulence  during  the  compression  stroke 
are  of  great  interest.  Without  attempting  to  re¬ 
view  all  of  the  relevant  literature  a  general  distinc¬ 
tion  between  experiments  including  the  combustion 
process  (fired  engine  studies)  and  those  concentra¬ 
ting  on  fluid  mechanical  aspects  (motored  engines) 
can  be  made.  While  some  qualitative  conclusions 
about  the  effects  of  global  flow  patterns  upon  the 
combustion  performance  can  be  drawn  from  com¬ 
bustion  experiments  ([3]),  detailed  measurements  of 
fluid  flow  in  motored  engines  or  more  simplified  test 
rigs  contribute  to  understanding  the  basic  aerody¬ 
namic  effects,  that  is  the  evolution  of  large  scale  flow 
behaviour  and  turbulence,  both  of  which  directly  in¬ 
fluence  mixture  formation  and  combustion. 

A  considerable  number  of  researchers  have  investi¬ 
gated  swirl  under  idealized  conditions  ([1],[2],[4]). 
While  the  necessity  of  this  type  of  investigation  is 


evident,  a  closer  examination  of  past  studies  indica¬ 
tes  that  most  have  been  performed  with  very  specific 
and  unique  geometries  (initial  and  boundary  condi¬ 
tions)  and  are  thus  not  very  universal  in  their  con¬ 
clusions.  Furthermore  contradictory  answers  have 
been  given  to  basic  questions  such  as  “Is  turbulence 
enhanced  or  damped  in  the  presence  of 
swirl  ?”,  or  “does  swirl  survive  until  top  dead  cen¬ 
ter  of  compression  ?”  In  light  of  these  contradic¬ 
tory  statements  derived  from  previous  experiments, 
a  further  simplification  of  the  geometry  and  swirl 
process  has  been  undertaken  in  this  work  in  an  ef¬ 
fort  to  allow  more  general  conclusions  to  be  drawn 
-  well-knowing  that  their  pertinence  to  real  engine 
geometries  may  be  reduced. 

This  paper  presents  a  simplified  experiment  looking 
at  an  idealized  in-cylinder  swirling  flow  generated  by 
a  rotating  cylinder.  After  a  period  of  constant  ro¬ 
tational  speed  the  cylinder  is  abruptly  stopped  and 
the  decaying  swirling  flow  is  compressed  by  means 
of  a  hydraulically  driven  flat  piston.  The  evoluti¬ 
on  of  the  flow  field  during  the  compression  phase 
is  observed  by  Laser  Doppler  Anemometry  to  des¬ 
cribe  the  global  flow  behaviour  and  the  turbulence 
field  for  a  variety  of  swirl  rates  and  piston  velocities. 
Beside  the  experimental  work  being  presented  here, 
the  long-term  goal  of  the  overall  project  focuses  on 
the  development  and  improvement  of  a  numerical 
program  based  on  Reynolds  stress  turbulence  mo¬ 
deling  capable  of  capturing  the  effects  of  rotation 
and  compression.  Once  validated,  this  program  can 
be  applied  to  extended  parametric  studies  and  simu¬ 
lations  of  more  complex  geometries  in  the  future. 
Thus,  in  addition  to  helping  to  understand  the  phy¬ 
sical  phenomena  under  consideration,  the  experi¬ 
mental  data  presented  here  can  be  considered  as  a 
reference  data  base  supporting  the  development  of 
turbulence  models.  This  data  is  complemented  by 
direct  numerical  simulation  (DNS) ,  representing  an 
additional  reference  data  base. 
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2.  Experimental  Apparatus 

The  rapid  compression  machine  used  to  investigate 
the  time-dependant  behaviour  of  in-cylinder  swir¬ 
ling  flow  under  the  influence  of  an  axial  compres¬ 
sion  has  been  described  in  detail  in  [5]  and  [6].  A 
brief  summary  of  the  experimental  apparatus  and 
its  operation  is  given  here  to  emphasize  the  most 
important  features  of  the  test  rig.  In  order  to  avo¬ 
id  any  influence  of  non-controllable  inlet  conditions 
(one  could  think  of  cyclic  variability  of  valve  moti¬ 
on)  or  pre-cyclic  flow  history  (previous  periods  in 
periodically  running  machines)  on  the  initial  flow 
field,  a  one-shot  experiment  capable  of  generating 
an  exactly  reproducible  inlet  swirling  flow  was  built. 
The  initially  axisymmetric  in-cylinder  swirl  is  pro¬ 
duced  by  externally  rotating  the  cylinder  around  its 
axis  (spin-up  phase).  Thus  the  apparatus  allows  a 
well-defined  adjustment  of  the  initial  swirl  intensity 
through  the  rotation  rate.  Moreover,  the  initial  flow 
structure  does  not  depend  on  the  swirl  rate  and  can 
be  considered  as  non-stratified  in  the  axial  direction, 
at  least  in  the  cylinder  head  ([6]). 

Every  experiment  (or  shot)  consists  primarily  of  two 
phases.  The  first  is  related  to  the  generation  of  swirl 
in  the  cylinder;  the  second  phase  is  a  compression 
stroke  performed  by  an  axially  driven  piston  after 
stopping  the  cylinder  rotation. 

As  shown  in  Figure  2.1,  the  cylinder  head  (clearance 
volume,  zc)  can  easily  be  interchanged  to  allow  the 
use  of  different  head  geometries.  In  the  pr^ent  stu¬ 
dy  a  flat  cylinder  head  (FZK)  and  a  bowl-in  cylinder 
geometry  (SZK)  were  used. 

Although  the  major  goal  of  the  overall  project  was 
to  study  the  influence  of  compression  upon  the  in- 
cylinder  flow,  experiments  were  also  carried  out  wi¬ 
thout  compression  as  a  reference  (free  decaying  swirl, 
hereafter  denoted  as  “spin-down”  ).  The  range  of 
operating  parameters  for  the  swirl  mode  is  characte¬ 
rized  by  the  rotation  rate  of  the  cylinder  (Nw)-  The 
motor  used  to  drive  the  cylinder  is  capable  of  rotati¬ 
on  rates  up  to  Nw  =  3000  mm-1,  with  experiments 
being  performed  in  the  range  Nw  <  1800  min  1 . 
The  compression  mode  is  characterized  by  two  pa¬ 
rameters,  compression  ratio  and  compression  rate. 
The  compression  ratio,  while  adjustable  through  the 
clearance  height,  zc,  was  fixed  to  a  value  of  ec  =  5.0. 
The  compression  (or  strain)  rate  S  is  defined  as  the 
instantaneous  piston  speed,  vp,  versus  the  length  of 
the  current  volume  to  be  compressed  ( z ): 

5  _  1  dzp  _  Vp_  ^ 

z  dt  z 

The  hydraulic  system  allows  experiments  to  be  per¬ 
formed  at  constant  S  in  the  range  of  0.0  <  S  < 


FLAT  CYLINDER 
HEAD  (FZK) 

cylinder  head  with 


Figure  2.1:  Experimental  setup  -  geometry  and  LDA 
measurement  configurations 

11.5  Hz  and  measurements  were  carried  out  at  5  = 
0.5  Hz  and  S  =  11.5  Hz.  Note  that  a  constant 
strain  rate  corresponds  to  an  exponentially  decay¬ 
ing  piston  velocity. 

3.  Measurement  Equipment 
The  Laser  Doppler  Anemometer  employed  in 
the  present  study  has  already  been  presented  in  [5]. 
The  essential  specifications  of  the  four-beam,  two- 
component  backscatter  LDA  are  given  in  table  1. 


2-component-LDA  probe  | 

BEAM  SEPARATION: 
NUMBER  OF  FRINGES  : 

D  —  22mm 
Nf=  9.96 

FOCAL  LENGTH  f 

120  mm 

A  =  488mn 

A  =  514n m 

INTERS.  HALF  ANGLE  tf> 
MCV  DIAMETER  drncv 
LENGTH  OF  MCV  lmcv 
FRINGE  SPACING  Ax 

5.237  0 

25.82  iim 
281.65  fim 
2.67  (im 

5.237  0 

27.22  fim 
296.9  fim 

2.82  fj. m 

MCV  :  MEASUREMENT  CONTROL  VOLUME 

Table  1:  Specifications  of  the  LDA  probe 
Oil  droplets,  produced  in  a  pressure  atomizer  and 
injected  through  the  gap  (Fig.  2.1),  with  diame¬ 
ters  of  dp  <  1  fim,  were  used  for  seeding  during 
the  spin-up  phase.  The  scattered  light  collected  in 
backscatter  mode  is  focused  onto  a  graded  index  fi¬ 
ber  and  directed  to  color  separation  optics.  Two 
photomultipliers  are  used  to  detect  the  signals.  Af¬ 
ter  passing  the  signals  through  a  two-channel  down- 
mixer  and  bandpass  filters,  counter  processors  (TSI 
1980/1990)  are  used  for  signal  processing. 
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4.  Data  Processing 

In  contrast  to  the  processing  of  stationary  data,  the 
analysis  of  of  instationary  velocity  time  series  cannot 
be  reduced  to  a  well-defined,  generally  applicable 
procedure.  As  discussed  in  the  following,  in  many 
cases  it  rather  depends,  at  least  to  a  certain  extent, 
on  the  physical  process  being  investigated  and  so¬ 
metimes  requires  a  more  or  less  arbitrary  definition 
of  turbulence.  The  procedure  becomes  even  more 
complex  if  single-shot  experiments  or  quasi-periodic 
flows,  are  considered. 

In  the  present  work,  both  aspects,  instationarity  and 
one-shot  character  have  to  be  taken  into  account  and 
therefore  are  discussed  in  the  following. 
Instationarity:  Since  a  constant  mean  velocity  does 
not  exist,  the  separation  of  mean  flow  ( U )  and  tur¬ 
bulent  fluctuations  ( u ')  in  the  sense  of  Reynold’s 
decomposition  U (t)  =  U  +  v!  is  not  possible.  A 
time-dependent  mean  (bulk)  velocity  U(t)  must  be 
derived  by  separating  large  scale  motion  from  small 
scale  turbulent  velocity  fluctuations.  This  process 
of  energy  partitioning  implicitly  requires  a  deci¬ 
sion  as  to  which  part  of  the  spectrum  of  the  instan¬ 
taneous  velocity  signal  represents  turbulence.  It  is 
easliy  understandable  that  any  kind  of  separation 
of  scales  that  cannot  be  related  explicitly  to  some 
physical  phenomenon  (e.g.  combustion  related  clas¬ 
sification  of  turbulent  scales)  suffers  from  a  lack  of 
physical  justification  -  the  definition  of  turbulence 
becomes  in  a  way  arbitrary. 

One-shot  character:  In  order  to  build  statistics  around 
the  mean  velocity  at  a  certain  point  in  time  (regard¬ 
less  of  how  the  mean  velocity  is  defined)  the  experi¬ 
ment  has  to  be  repeated  several  times  with  the  data 
acquisition  synchronized  to  the  experimental  pro¬ 
gram.  Phase-synchronized  ensemble  averaging  of  all 
cycles  can  be  used  for  statistical  analysis,  assuming 
that  the  mean  flow  behaviour  is  exactly  reprodu¬ 
ced  from  one  shot  to  the  next.  If  this  assumption 
is  not  fulfilled,  so-called  cycle-to-cycle  variations  of 
the  global  flow  structure  cause  an  over-estimation  of 
the  turbulence  intensities,  even  if  they  are  not  consi¬ 
dered  to  represent  turbulence  in  a  physical  sense.  In 
such  cases,  cycle-resolved  analysis  is  recommended 
if  the  in-cycle  data  rate  enables  the  estimation  of  a 
bulk  velocity  evolution  (within  every  single  cycle) . 
Without  defining  too  precisely  what  is  meant  by  tur¬ 
bulence,  several  researchers  have  tried  to  define  and 
recognize  which  flow  motions  are  to  be  attributed  to 
turbulence  and  which  to  mean  convection  and/or  cy¬ 
clic  variations.  As  mentioned  before,  the  choice  of 
an  appropriate  method  should,  whenever  possible, 
be  based  on  an  underlying  physical  process  which 
determines  a  “useful”  separation  of  scales  according 


to  their  influence  upon  the  phenomena  investigated. 
However,  in  many  cases  such  a  physical  justifivation 
of  the  separation  of  scales  is  not  available  -  no  gene¬ 
rally  applicable  approach  can  be  expected. 

Restricting  the  discussion  to  one-point  velocity  ti¬ 
me  series,  energy  partitioning  is  mostly  realized  by 
filtering  techniques  applied  in  the  time  ([7], [8])  or 
frequency  domain  ([9], [10]),  even  if  more  elabora¬ 
te  decomposition  schemes  have  also  been  developed 
([11-13]). 

The  present  work  utilizes  filtering  techniques  in  both 
time  and  frequency  space,  including  the  application 
of  different  filters.  Ensemble  averaging  and  cycle  re¬ 
solved  analysis  were  compared  to  quantify  the  effect 
of  cyclic  variability  on  the  turbulence  statistics.  In 
the  following  a  brief  summary  of  the  applied  techni¬ 
ques  is  given. 

Ensemble  Averaging  (ea):  A  phase-coincident  ave- 
rage  over  all  cycles  of  the  LDA  velocity  samples  fal¬ 
ling  into  a  defined  time  interval  At  is  computed. 
The  mean  velocity,  denoted  as  Wea  ,  is  considered 
as  constant  within  the  interval  At  resulting  in  a  sta¬ 
ir  type  curve  Wea (t)  as  shown  in  Figure  4.1. 
Smoothed  Ensemble  Averaging  (sea):  An  im¬ 
portant  shortcoming  of  simple  time  window  avera¬ 
ging  as  applied  in  EA  appears  as  soon  as  steep  gra¬ 
dients  of  the  mean  velocity  occur  within  At.  The 
assumption  of  constant  mean  velocity  results  in  an 
overestimation  of  the  turbulence  intensity  through 
summation  of  the  velocity  differences  between  the 
instationary  velocity  samples  W(ti)  and  the  con¬ 
stant  value  Wea  (Fig.  4.2).  In  order  to  avoid  such 
false  turbulence,  smoothing  of  the  mean  velocity  is 
applied,  corresponding  to  the  approach  presented 
by  Rask  ([8]).  The  time  window  average  Wea  is 
assigned  to  the  center  of  the  bin  At  and  a  spline 
interpolation  is  computed  between  successive  center 
points  to  approximate  the  continuous  behaviour  of 
the  bulk  flow.  In  contrast  to  EA,  an  individual  mean 
velocity  Wsea  is  now  available  at  every  point  U. 
Cycle-Resolved  Smoothed  Ensemble 
Averaging  (crsea):  The  SEA  procedure  applied 
to  individual  cycles  is  denoted  as  CRSEA.  Avera¬ 
ging  the  results  from  all  cycles  then  gives  the  glo¬ 
bal  mean  and  turbulence  parameters.  In  contrast  to 
SEA,  cycle-by-cycle  fluctuations  do  not  contribute 
to  the  derived  turbulence  intensities. 
Cycle-Resolved  Frequency  Filtering 
(cRFF-i):  While  CRSEA  presents  a  cycle-resolved 
time-filtering  approach,  CRFF-i  stands  for  cycle- 
resolved  analysis  including  filtering  of  the  individu¬ 
al  time  series  in  spectral  space.  After  reconstruc¬ 
tion  of  the  velocity  signal  by  sample  &;  hold  inter¬ 
polation  and  Fourier  transformation  of  the  velocity 
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Figure  4.1:  Typical  velocity  time  series  outlining 
different  data  reduction  schemes 


series,  a  filter  function  H (/)  is  applied  in  the  fre¬ 
quency  domain.  Inverse  transformation  of  the  filte¬ 
red  spectrum  gives  the  bulk  velocity  evolution  and 
the  turbulence  intensity  is  then  derived  in  physi¬ 
cal  space  corresponding  to  the  procedure  described 
above.  Depending  on  what  kind  of  filter  is  applied, 
the  parameter  “i”  stands  for  one  of  the  following:  R 
(rectangular  or  top-hat  filter),  F  (Fermi-Dirac  type 
filter),  G  (Gaussian  filter)  or  N  (Nuttal-filter,  series 
of  weighted  cosines)). 

Before  choosing  a  particular  technique  for  further 
processing,  the  performance  and  characteristics  of 
the  different  approaches  will  briefly  be  examined 
using  data  from  the  rapid  compression  machine. 
Fig.  4.2  shows  the  mean  swirl  velocity  with  time  for 
an  initial  rotation  rate  of  Nw  —  1200  min-1  and  a 
compression  rate  of  S  —  11.5  Hz  (FZK).  Clearly  all 
processing  methods  yield  basically  the  same  result. 
An  exploded  view  of  the  same  data,  shown  in  Fig. 
4.3  indicates  that  the  top  hat  filter  (CRFF-R)  leads 
to  signal  oscillations  in  time  domain,  which  in  fact 
are  artifacts  of  the  specific  filter. 

The  turbulent  component  of  the  swirl  velocity  is 
shown  in  Fig  4.4,  evaluated  using  the  various  tech¬ 
niques.  Clearly  the  non-cycle  resolved  techniques 
(EA,  SEA)  lead  to  much  higher  turbulence  estima¬ 
tes  due  to  cyclic  variability  of  the  large  flow  patterns 
as  explained  before. 


Figure  4.2:  Swirl  velocity  evolution:  results  from 
different  processing  methods 


Figure  4.3:  Exploded  view  of  Fig.  4.2  showing 
oscillations  in  W  when  filtered  in  spectral  space  using 
a  top-hat  filter 


Figure  4.4:  Fluctuating  component  of  swirl  velocity 
derived  by  different  methods 


Figure  4.5:  Time  averaged  velocity  fluctuations  as  a 
function  of  the  cut-off  frequency 
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The  cycle-resolved  methods  yield  similar  results  with 
exception  of  the  CRFF-R  using  a  top  hat  filter, 
which  shows  unrealisticly  high  RMS  values  due  to 
the  problem  of  oscillation  in  the  mean  velocity  as 
seen  before. 

For  further  analysis  the  CRSEA  approach  is  chosen, 
because  of  the  following  reasons: 

1.  Sudden  changes”  (sharp  edges)  in  the  bulk  flow 
evolution,  i.e.  the  sudden  drop  of  W  after  stopping 
the  cylinder  rotation,  are  not  well  handled  with  fre¬ 
quency  domain  filters.  Inevitably  the  sharp  changes 
will  be  smoothed  out.  The  time  domain  analysis 
allows  such  cases  to  be  considered  by  aligning  the 
time  windows  with  the  instant  of  change,  e.g.  the 
stopping  instant  of  the  cylinder  rotation  ([8]). 

2.  There  are  no  significant  differences  in  v',w'  com¬ 
pared  with  the  other  cycle-resolved  methods. 

3.  It  is  computational  easier  to  implement. 

The  effect  of  the  cut-off  frequency  (expressed  as  time 
window  size  At  =  1  /fco)  on  the  turbulence  levels  v' 
and  w'  is  shown  in  Fig.  4.5.  As  expected,  the  ener¬ 
gy  designated  as  turbulence  decreases  as  the  cut-off 
frequency  increases.  A  sharp  drop  at  At  =  20  ms 
suggests  that  this  might  be  an  appropriate  choice 
for  subsequent  processing,  simply  because  it  is  a  di¬ 
stinct  and  recognizable  point  in  the  curve. 

5.  Results  and  Discussion 

To  aid  the  interpretation  of  subsequent  results,  the 
(stationary)  fiowfield  immediately  prior  to  stopping 
the  rotating  cylinder  is  briefly  described.  The  mean 
normalized  tangential  velocity  is  shown  in  Fig.  5.1 
for  three  rotational  speeds  with  comparison  to  com¬ 
puted  profiles  using  the  Reynolds  Stress  turbulence 
model.  The  deviation  from  solid  body  rotation  is 
due  to  the  stationary  part  of  the  cylinder  and  the 
stationary  piston  (Fig.  2.1).  The  computed  flow 
field  in  the  axial/radial  plane  is  illustrated  in  Fig. 
5.2  for  the  entire  cylinder  and  Fig.  5.3  again  de¬ 
monstrates  good  agreement  between  measurements 
and  computations  for  the  axial  velocity  component 
at  three  axial  stations  accessible  to  LDA  measure¬ 
ments. 

5.1  Decaying  Swirl  during  Spin-Down 

As  a  reference,  the  time-dependent  swirl  during  spin- 
down  is  examined  in  Fig.  5.4.  The  swirl  decay 
is  similar  for  all  initial  rotation  speeds,  except  for 
Nw  —  300  min-1.  In  this  case  the  boundary  layer 
of  the  tangential  component  reacts  slower  to  the 
new  wall  condition,  but  more  distinctive  is  the  appa¬ 
rent  development  of  stronger  secondary  flows.  This 
is  corraborated  by  both  DNS  ([14])  and  RSM  ([6]) 
computations.  The  data  presented  in  Fig.  5.4  ap¬ 


pears  in  the  following  figures  denoted  by  SD  (spin- 
down). 


Figure  5.1:  Swirl  velocity  profiles  for  different  rotation 
rates  -  comparison  of  LDA,  RSM  and  DNS  results 
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Figure  5.2:  Streamlines  documenting  the  secondary 
flow  in  the  axial/radial  plane  of  the  cylinder 


5.2  Influence  of  Compression  upon  the 
decaying  Swirl 

The  swirl  decay  under  compression  is  summarized 
in  Fig.  5.5.  In  this  figure  the  tangential  velocity  has 
not  been  normalized,  to  allow  the  three  results  for 
different  initial  rotation  rates  to  be  better  distin¬ 
guished  from  one  another.  More  instructive  than 
the  absolute  swirl  velocities  is  the  difference  to  the 
spin-down  case.  Note  that  the  cylinder  begins  to 
stop  rotating  at  t  —  1.00  s  and  comes  to  a  full  stop 
at  t  —  1.30  s. 
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w/w, 


The  piston  begins  compression  at  t  —  1.36  s  (UT, 
bottom  dead  center)  and  ends  the  stroke  at  f  =  1.59s 
(OT,  top  dead  center). 


t  (s) 


Figure  5.4:  Spin-down  behaviour  for  different  initial 
swirl  numbers 

Except  for  the  case  Nw  —  300  min  1 ,  very  little 
deviation  in  swirl  behaviour  is  noticed  until  half  way 
through  the  compression  stroke. 

The  swirl  velocity  with  compression  shows  now  also 
for  the  higher  initial  swirl  rates  signs  of  secondary 
flow,  especially  at  the  radial  positions  r/R  —  0.72 
and  0.48.  The  deviations  from  the  spin-down  case 
are  significantly  larger  with  increasing  distance  from 
the  cylinder  wall. 


Figure  5.5:  Swirl  velocity  evolution  for  different  initial 
swirl  rates  showing  the  influence  of  compression  on 
the  swirl  decay 
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The  data  for  the  fiat  cylinder  head  is  included  in  this 
figure  for  comparison.  The  normalized  swirl  velocity 
is  lower  for  the  SZK  geometry  due  to  the  slightly 
different  structure  of  the  initial  profile  in  comparison 
to  those  presented  in  Fig.  5.1.  With  compression, 
the  tangential  velocity  rises  sharply  throughout  the 
bowl. 


Conservation  of  angular  momentum  dictates  that 
the  swirl  velocity  must  increase  when  the  fluid  is 
forced  into  a  smaller  diameter.  For  the  axial  plane 
shown  in  Fig.  5.6  ( z/zc  =  0.5)  this  increase  occurs 
already  at  the  beginning  of  the  compression  stroke, 
at  least  for  the  higher  radii.  Only  in  the  center  of 
the  cylinder  a  delay  of  about  half  of  the  compression 
stroke  duration  is  observable. 


31.4.7 


For  comparison  purposes,  the  necessary  increase  of 
tangential  velocity  to  conserve  angular  momentum, 
given  a  linear  velocity  profile  over  the  radius  and  ne¬ 
glecting  all  losses,  is  proportional  to  (Rcyi / Rbowi)3 , 
where  Rcyi  and  Rbowi  are  the  cylinder  and  bowl  ra¬ 
dius  respectively.  In  the  present  case  this  geometric 
factor  is  1.36,  resulting  in  a  theoretical  increase  of  W 
by  a  factor  of  2.53.  From  Fig.  5.6  an  increase  of  the 
measured  swirl  velocity  in  the  range  of  1.15  —  1.73 
depending  on  radial  position  can  be  observed. 

In  Fig.  5.7  the  fluctuating  tangential  velocity  is 
shown,  evaluated  as  described  in  section  4,  using 
the  CRSEA  method. 

Results  for  both  cylinder  heads  and  for  spin-down 
and  compression  are  shown.  Some  general  trends 
can  be  noted.  In  all  cases  the  turbulent  velocity 
fluctuations  increase  during  compression  and  remain 
higher  beyond  top  dead  center.  The  degree  of  incre¬ 
ase  depends  on  the  exact  location  and  the  cylin¬ 
der  head  geometry.  Especially  at  high  radii  a  rise 
of  w'  can  be  registered  already  before  compression 
starts.  This  is  related  to  the  developing  boundary 
layer  after  stopping  the  cylinder  rotation.  Also  for 
spin-down,  an  increase  of  w'  near  the  wall  can  be 
registered,  however  it  is  not  as  large  as  for  the  case 
with  compression.  Finally  it  can  be  seen  that  due 
to  squish-generated  shear  flow  effects  in  the  bowl-in¬ 
cylinder  geometry,  the  velocity  fluctuations  during 
and  after  the  compression  stroke  are  larger  for  the 
squish  cylinder  than  for  the  flat  cylinder  head.  A 
general  conclusion  from  this  study  is  therefore,  that 
the  compression  promotes  velocity  fluctuations. 

6.  Summary  and  Conclusions 

This  paper  presents  LDA  measurements  of  the  flow- 
field  in  an  idealized  swirling  flow  geometry,  with  and 
without  compression.  The  purpose  is  to  investiga¬ 
te  the  influence  of  compression  on  the  swirl  velocity 
and  its  fluctuations.  The  results  show  that  the  swirl 
decays  faster  with  compression,  starting  about  half 
way  through  the  compression  stroke.  The  influence 
is  larger  at  smaller  radii,  suggesting  that  at  larger 
radii  the  wall  boundary  layer  is  exerting  a  strong  in¬ 
fluence  on  the  velocity  profile.  Secondary  flows  arise 
during  compression,  more  apparent  at  lower  initial 
swirl  numbers.  Finally,  the  tangential  velocity  fluc¬ 
tuations  rise  significantly  during  compression,  more 
so  for  the  bowl-in-head  geometry  than  for  the  flat 
head. 
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ABSTRACT 

Two  new  estimators  are  introduced  for  correlation  func¬ 
tions  between  two  or  more  channels  of  a  laser  Doppler 
anemometer  (LDA).  The  first  estimator  is  based  on  a 
slotting  technique  and  the  second  on  a  sample-and-hold 
reconstruction  with  a  refinement  of  the  correlation  esti¬ 
mate.  In  both  cases  the  coincidence  requirement  between 
channels  is  eliminated.  The  estimators  are  applicable  to 
two-component  or  three-component  LDA,  but  is  more  in¬ 
teresting  for  two-point  or  multi-point  LDA,  where  coin¬ 
cidence  is  practically  non-existent  or  where  the  effective 
separation  distance  goes  to  zero  for  overlapping  volumes, 
thus  biasing  the  spatial  correlation  function  at  low  sepa¬ 
rations. 


1.  INTRODUCTION 

Two  or  multi-channel  laser  Doppler  anemometry  (LDA) 
is  used  when  correlations  between  velocity  fluctuations 
are  required.  In  a  two  velocity  component  LDA,  the  two 
measurement  volumes  are  at  the  same  location  in  the  flow 
and  the  correlations  between  components  represent  com¬ 
ponents  of  the  Reynolds  shear  stress  tensor.  If  a  two-point 
or  multi-point  LDA  is  considered,  the  correlations  then 
represent  spatial  correlations.  Most  commonly,  these  cor¬ 
relations  between  velocity  fluctuations  tire  evaluated  at 
time  lag  zero  (covariance  or  after  normalization  correla¬ 
tion  coefficient),  however  in  principle  all  time  lags  can 
be  considered,  in  which  case  the  correlation  function  or 
space-time  correlation  function  between  velocity  fluctua¬ 
tions  can  be  obtained. 

There  are  three  basic  deficiencies  in  present  LDA  sys¬ 
tems  which  can  be  eliminated  using  the  new  estimators  for 
cross-correlations.  The  first  concerns  the  need  for  coin¬ 
cidence.  Conventional  estimators  of  the  cross-correlation 
function  work  directly  from  the  definition 

1  N 

Rab(t )  =  jy  UA(ti)uB(ti  +  t)  (1) 

t=l 

whereby  it  is  understood  that  the  mean  has  been  removed 


Figure  1:  Two-point  configuration  leading  to  spatial  bias 
of  the  cross-correlation  funtion. 


from  the  input  signals  ua  and  ub-  Thus  a  product  u^us 
can  only  be  contribute  to  the  sum  if  velocity  information 
from  the  two  channels  come  with  a  time  lag  of  exactly 
r.  Practically  an  acceptance  window  in  time  (coincidence 
window)  is  tolerated,  however  in  many  applications  this 
window  must  be  chosen  very  narrow  to  avoid  a  loss  of 
correlation,  hence  a  biased  estimator.  Physically,  the  re¬ 
quired  window  width  will  be  dictated  by  the  time  correla¬ 
tion  function  itself,  and  must  often  be  chosen  empirically 
and/or  iteratively. 

In  any  case,  given  a  narrow  coincidence  window,  the 
data  rate  of  coincident  velocity  pairs  may  become  very 
low,  especially  for  spatially  separated  measurement  vol¬ 
umes,  which  will  be  the  focus  of  this  paper.  Thus,  the 
duration  of  the  measurement  to  achieve  a  statistically 
satisfactory ,  number  of  samples  N  may  become  intoler¬ 
ably  long.  Accepting  a  lower  value  of  N  simply  increases 
the  variance  of  the  estimate. 

A  second  deficiency  concerns  the  coincidence  window 
implementation,  which  is  available  at  the  hardware  level 
only  for  t  =  0.  In  this  case  only  data  pairs  which  occur  si¬ 
multaneous  in  time  are  actively  acquired,  minimizing  the 
amount  of  collected  data.  For  other  time  lags  (r  ^  0)  no 
hardware  coincidence  is  forseen.  If  the  function  Rab(t) 
is  to  be  evaluated  at  many  r  values,  then  all  data  must 
be  acquired  from  both  channels  and  coincidence  must  be 
implemented  at  the  software  level.  In  this  case,  again, 
due  to  the  generally  lower  ‘hit’  rate  of  coincidence,  large 
amounts  of  data  must  be  acquired  and  recorded  to  yield 
statistically  secure  estimates. 
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A  final  difficulty  with  present  estimators  has  been 
pointed  out  by  Benedict  and  Gould  [2]  in  their  discus¬ 
sion  of  two-point  correlation  estimates  when  the  separa¬ 
tion  distance  becomes  very  small.  Such  measurements 
are  necessary  if  direct  measurements  of  dissipation  are  to 
be  attempted.  Once  the  two  LDA  measurement  volumes 
begin  to  overlap  any  y-type  correlation  will  become  bi¬ 
ased  because  coincidence  will  be  triggered  when  a  single 
particle  passes  through  the  overlapping  region,  as  illus¬ 
trated  in  figure  1.  However  velocity  data  from  the  two 
channels  is  not  originating  with  the  surmised  spatial  sep¬ 
aration  of  Ay,  but  with  an  effective  spatial  separation  of 
zero.  Thus  the  estimator  using  coincidence  will  lead  to 
a  spatial  bias  in  the  near-field  region.  This  bias  is  very 
significant,  since  the  number  of  such  single  particle,  two 
channel  signals  is  much  more  frequent  that  two  particle, 
two  channel  coincident  signals. 

All  of  the  above  difficulties  will  be  alleviated  using  the 
new  estimators.  The  next  section  describes  briefly  the 
simulation  techniques  used  to  produce  test  signals.  The 
two  new  estimators  for  non-coincidence,  cross-correlation 
are  introduced  in  section  3.  The  performance  of  the  esti¬ 
mators  applied  to  two-point  LDA  is  studied  in  section  4 
and  a  discussion  and  conclusion  are  given  in  section  5. 


2.  SIGNAL  SIMULATION 

The  results  presented  in  this  paper  have  been  achieved 
,1gjng  simulated  signals,  which  allow  systematic  variation 
of  influencing  parameters  and  also  evaluation  of  absolute 
errors,  i.e.  estimator  biases.  The  techniques  for  generat¬ 
ing  a  time-dependent,  three-dimensional  velocity  field  of 
given  statistical  characteristics  have  been  introduced  pre¬ 
viously  in  [3].  Since  in  the  present  case  a  two-point  LDA 
system  is  being  examined,  a  spatial  dependence  must  be 
added,  with  a  given  spatial  correlation  function.  Details 
of  how  this  was  achieved  can  be  found  in  [5]. 

The  two  situations  which  were  examined  are  shown  pic- 
torially  in  figure  2  and  correspond  to  a  /-type  and  y-type 
correlation  respectively.  The  main  flow  direction  is  along 
the  x-axis  and  the  mean  velocity  in  both  the  y  and  z 
directions  is  zero.  A  cosine  function  was  chosen  to  de¬ 
scribe  the  spatial  correlation  with  an  integral  length  scale 
(first  zero  crossing)  of  57  /urn  in  the  direction  of  the  mea¬ 
surement  volume  separation  and  1  m  in  the  other  two  di¬ 
rections,  the  latter  case  making  its  influence  negligible. 
The  measurement  volumes  had  dimensions  of  40  pm  (x) 
x  40  pm  (y)  x  40  pm  {z).  Although  unrealistic  at  40  pm 
,  the  length  (z)  has  no  particular  consequence  since  there 
is  no  z  velocity  component  and  thus,  together  with  the 
particle  concentration,  only  the  data  rate  is  effected  by 
this  dimension. 

An  uncorrelated  noise  component  could  be  added  to 
the  simulated  velocity  values.  The  simulation  was  then 
repeated  for  various  values  of  measurement  volume  sep¬ 
aration,  either  in  x  or  y,  for  an  /  or  g  type  correlation 
respectively.  Two  cases  for  each  correlation  type  were  in¬ 
vestigated.  The  first  case  had  a  mean  velocity  of  10  m/s 
and  a  variance  of  lm2/s2,  in  which  case  100  repititions 
of  the  simulations  were  used  to  enable  the  statistical  cer¬ 
tainty  of  the  results  to  be  established.  The  second  case 
had  a  mean  velocity  of  only  lm/s,  thus  representing  a 
much  higher  turbulence  level. 


Figure  2:  Measurement  volume  positions  for  signal  simu¬ 
lation:  a)  /-  type  and  b)  g- type  correlations. 

The  conditions  of  the  four  simulation  cases  are  sum- 
merized  in  table  1. 

3.  DESCRIPTION  OF  ESTIMATORS 


3.1  Coincidence  based  Estimator 

For  comparison  purposes  a  software  implementation  of 
the  conventional  hardware  coincidence  was  used  to  eval¬ 
uate  the  coincidence  based  correlation  given  by 

R^s(0)  =  TT  uA{tAh)uB{tBh)  (2) 

1  c  h=l 

where  Nc  is  the  number  of  coincidence  events  and  the 
arrival  times  satisfy  the  relation 

| tAh  ~  tBh\  <  Tc.  (3) 

The  data  rate  of  coincident  events  is  denoted  by  hc. 


3.2  Slot  Correlation  Estimator 

The  slot  correlation  estimator  is  given  by 
Na  Nb 

J2  X  UAiUBjbk{tBj  -tAi) 

-  (4) 

X  X  bk{tBj  -  tAi) 

i=I j= 1 

where  the  weighting  function  6*  is  given  by 

<5> 
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Correlation 

Case 

/-  t 
I 

ype 

2 

s-t: 

3 

fpe 

4 

Mean 

mu 

10 

1 

10 

i 

velocity 

771 V 

0 

0 

0 

0 

[m/s] 

771  m 

0 

0 

0 

0 

Velocity 

v'l 

1 

1 

1 

1 

variance 

°\ i 

0 

0 

0 

0 

[m2/s2] 

0 

0 

0 

0 

Reynolds 

Cuv 

0 

0 

0 

0 

stresses 

CutAI 

0 

0 

0 

0 

[m2/s2] 

Cvw 

0 

0 

0 

0 

Integral 

In 

40 

400 

40 

400 

time 

Iv 

- 

- 

- 

- 

scale  [ms] 

Iv 

- 

- 

- 

- 

Integral 

Lx 

57.3  Mm 

57.3  Mm 

1  m 

1  m 

length 

Ly 

1  m 

1  m 

57.3  Mm 

57.3  Mm 

scale 

Lz 

1  m 

1  m 

1  m 

1  m 

Record 
length  [s] 

T 

100 

1000 

100 

1000 

MV 

2a 

40 

40 

40 

40 

dimensions 

2b 

40 

40 

40 

40 

H 

2c 

40 

40 

40 

40 

Coincidence 
time  [^s] 

TC 

5 

50 

500 

5000 

Lag  time 
interval  [ms] 

At 

10 

100 

10 

100 

Particle 
cone,  [m-3] 

Cp 

3  X  10y 

3  X  10s 

3  X  10s 

3  X  10y 

Noise  Level 
fm2  /s2] 

0.1 

0.001 

0.1 

0.001 

Table  1:  Summary  of  simulation  parameters  for  data  sets 
1-4. 


and  At  =  tsj  —  tAi-  This  weighting  function  is  illus¬ 
trated  in  figure  3  and  represents  a  modification  to  con¬ 
ventional  slot  correlation  estimates.  Physically  the  slots 
are  no  longer  sharply  defined  and  this  results  in  a  lower 
variance  of  the  correlation  estimate,  since  slot  quantisa¬ 
tion  noise  is  reduced. 

The  data  rate,  or  slot  rate,  is  denoted  by  h3(fcAr). 

3.3  Reconstruction  based  Estimator 

Details  of  the  estimator  based  on  signal  reconstruction 
can  be  found  in  [4].  A  sample-and-hold  (S+H)  recon¬ 
struction  has  been  employed  with  a  re-  sampling  at  the 
time  intervals  of  At.  The  S+H  can  be  represented  by 


UA(t)  =  UAi  V  tAi<t<tAi+l 

Uff(t)  =  UBj  V  tsj  <t<  tfij  +  l 


and  the  resulting  cross-correlation  estimator  by 

^Ejlrrfc^(iAr)Us((i  +  fc)AT) 

for  k  >0 

N^k]  E£ri+|*|  «A(iAr)iifl((f  -  |fc[)Ar) 

for  k  <  0 

(7) 

where  Nr  is  the  toted  number  of  resampled  data  points. 

The  low-pass  filter  associated  with  this  reconstruction 
and  re-sampling  (eg.  [1])  is  compensated  for  by  recogniz¬ 
ing  that  the  filter  F  can  be  inverted,  i.e. 

R(a]b  =  F^RaI  (8) 

to  yield  an  improved  estimate  of  the  cross-correlation 
function  fZ^L.  This  stage  of  the  estimation  has  been 
termed  refinement  and  has  been  initially  formulated  for 
autocorrelation  function  to  improve  frequency  spectrum 
estimation  from  LDA  data  [6]. 

4.  RESULTS 


4.1  /-type  Correlation 

The  results  for  case  1  (low  velocity  bias)  are  summarized 
in  figure  4,  showing  the  expectation  and  the  data  rates 
for  the  /-type  correlation.  In  figure  4a  the  three  esti¬ 
mates  eire  compared  to  the  theoretical  spatial  correlation 
(cosine) .  Also  the  reconstruction  estimate  without  refine¬ 
ment  has  been  added  to  this  figure.  The  reconstruction 
technique  exhibits  a  very  low  systematic  error,  with  or 
without  refinement.  The  refinement  is  not  really  neces¬ 
sary  since  almost  all  particles  producing  a  signal  in  the 
first  measurement  volume  also  result  in  a  signal  in  the 
second  measurement  volume  (low  turbulence). 

The  slot  correlation  lies  consistently  below  the  recon¬ 
struction  estimate,  due  to  multiple  particle  measurement 
in  the  slots.  This  can  be  seen  by  examining  the  data  rates, 
as  shown  in  figure  4b.  The  mean  expected  data  rate  at 
zero  time  lag  is  estimated  from  the  particle  concentration, 
the  mean  velocity  and  the  projected  measurement  volume 
to  be  approximately  38  s-1 .  Whereas  the  coincident  esti¬ 
mator  achieves  about  this  value,  the  slot  correlation  lies 
significantly  above.  Thus  cross-correlation  contributions 
from  different  particles  within  a  slot  are  being  consid¬ 
ered,  which  lowers  the  estimate  marginally.  Physically 
this  means  a  small  influence  of  the  time  correlation  func¬ 
tion  is  entering  into  the  spatial  correlation  estimate. 

The  coincidence  estimate  performs  very  well  up  to  a 
spatial  separation  corresponding  to  the  overlapping  of 
the  measurement  volumes.  Due  to  the  short  coincidence 
time  chosen  (5  ps),  the  data  falls  off  abruptly  beyond  this 
point.  Only  the  fastest  particles  still  fulfil  the  coincidence 
requirement,  thus  strongly  biasing  the  correlation  esti¬ 
mate. 

The  empirically  determined  variance  of  the  reconstruc¬ 
tion  estimate  was  found  to  be  the  lowest  (not  shown). 

Results  for  case  2  (high  turbulence  level)  are  shown 
in  figure  5,  in  which  all  estimators  are  seen  to  be  biased. 
This  is  an  error  associated  with  the  classical  velocity  bias. 
As  in  the  previous  case,  the  coincident  estimator  under¬ 
goes  a  negative  bias  at  larger  separation,  due  to  the  selec¬ 
tion  of  only  fast  particles  through  the  coincidence  window. 
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Figure  4:  Results  for  case  1:  low  turbulence,  /-type  cor¬ 
relation. 

The  effect  is  not  as  abrupt  in  this  case,  only  because  the 
turbulence  level  is  higher  and  the  effect  becomes  ‘smeared’ 
out. 

Again  the  variance  of  the  reconstruction  estimator  is 
the  lowest. 

4.2  g-type  Correlation 

The  results  for  the  5-type  correlation  at  low  turbulence 
are  summarized  in  the  three  diagrams  of  figure  6.  In 
the  diagram  of  the  mean  covariance  (figure  6a),  also  the 
reconstruction  estimate  without  refinement  is  shown  and 
agrees  well  with  results  presented  in  [4]. 

The  coincidence  estimator  exhibits  a  strong  systematic 
error  for  spatial  separations  in  which  the  measurement 
volumes  still  overlap.  This  corresponds  to  the  problem 
outlined  in  conjunction  with  figure  1.  Since  the  effective 
spatial  separation  remains  effectively  zero  for  overlapping 
volumes,  the  mean  covariance  maintains  a  value  close  to 
1.  For  non-overlapping  volumes,  this  estimate  follows  the 


Figure  5:  Mean  covariance  estimated  for  case  2:  /-type 
correlation  at  high  turbulence. 


reconstruction  estimate,  however  the  data  rate  decreases 
dramatically,  as  seen  in  figure  6c.  Consequently,  the  esti¬ 
mator  variance  is  also  very  high  (figure  6b). 

The  reconstruction  estimate  is  very  close  to  the  pre¬ 
scribed  correlation  at  small  separations  but  lies  below  at 
high  separation  values.  This  is  related  to  the  spatial  aver¬ 
aging  over  the  finite  size  of  the  two  measurement  volumes, 
an  effect  which  is  not  present  in  the  /-type  correlation. 
This  effect  can  be  evaluated  as  a  spatial  integral 

Ay+2c 

c(as  =  f  cos  dy  (9) 

Ay— 2c 


where  of,  cos  -A-  is  the  prescribed  spatial  correlation  and 

“  y 

where  the  probability  of  the  y  value  of  the  particle  passage 
is  uniform  across  the  volume 


p(y)  = 


Ay  +  2  c 

I  (1-1*17*!)*/ 

Ay— 2c 


(10) 


The  value  of  has  been  added  to  figure  6a  and 
describes  the  reconstruction  estimator  well  at  larger  lag 
times.  At  very  small  lag  times  single  particle,  two  chan¬ 
nel  signals  dominate  and  the  true  zero  correlation  is  esti¬ 
mated. 

The  slot  correlation  exhibits  both  the  spatial  averag¬ 
ing  mentioned  above  and  the  temporal  averaging  over  the 
slot  width  and  lies  therefore  below  the  reconstruction  es¬ 
timate. 

As  in  previous  cases,  the  reconstruction  also  exhibits 
the  lowest  variance,  as  seen  in  figure  6b. 

Finally  results  for  the  5-type  correlation  at  high  turbu¬ 
lence  levels  is  shown  in  figure  7.  As  in  case  2,  a  systematic 
error  of  the  covariance  is  apparent  for  the  reconstruction 
and  slot  estimates.  The  lower  variance  of  the  reconstruc¬ 
tion  estimate  is  even  more  pronounced.  The  data  rate 
behavior  is  similar  to  that  in  case  3.  (figure  6c). 


32.1.4 


a) 


1.2 


1.0 


0.6  -3 


0.4  3 


c 

D 

O  0.2  -3 


0.0 


:  j 

*****  Coincidence 

00000  Reconstruction 
■■■■■  Slotcorrelatlon 

1  1  1  1  1  Reconstruction 

without  Refinement 

:  1 

-  Simulation 

:  +  M 

- Measurement 

:  '■SA! 

Volume  Averaging 

:  +  eX 

:  +  r 

i  +  1 

:  +  ; 

!  +j 

:  1 

:  1 

:  1 

X  \ 

:  1 

:  1 

:  1 

:  Overlapping  Area ! 

—  TTTTTTn  rTTTTTTTTT  I'T'l 

Non-Overlapping  Area\ 

1  \  ff»  1 1 1 1  1  1  iTfn  n  p  rrn  mv 

OE+O 


2E-5  4E-5 

Separation  Distance  [m] 


Figure  6:  Results  for  case  3:  low  turbulence,  9- type  cor¬ 
relation. 


Figure  7:  Results  for  case  4:  high  turbulence,  g-type  cor¬ 
relation. 


Practically,  the  lower  variance  exhibited  by  the  slot  cor¬ 
relation  and  reconstruction  estimate  should  allow  shorter 
measurement  times  to  achieve  a  given  uncertainty.  This 
has  been  more  explicitly  investigated  by  computing  the 
estimators’  variances  as  a  function  of  particle  concentra¬ 
tion  and  also  measurement  time.  The  results  are  pre¬ 
sented  in  figures  8a  and  b  respectively,  using  the  flow 
parameters  of  case  3. 

Included  in  these  figures  are  results  using  3  coincidence 
window  widths,  between  1ms  and  10  ms.  The  10  ms  win¬ 
dow  corresponds  to  the  slot  width  employed,  however  al¬ 
ready  leads  to  a  reduced  (biased)  correlation.  The  1  ms 
window  is  more  realistic.  For  a  given  variance,  the  slot 
correlation  or  reconstruction  estimate  leads  to  measure¬ 
ment  times  of  a  factor  5  less  than  with  the  coincidence  es¬ 
timate.  Similarly,  the  slot  correlation  and  reconstruction 
estimate  achieve  a  given  variance  at  much  lower  particle 
concentrations,  for  a  fixed  measurement  time.  Indeed,  at 
very  low  particle  concentrations  the  slot  correlation  out¬ 
performs  the  reconstruction  estimate.  This  lies  presam- 
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Figure  8:  Estimators’  variance  for  case  3:  low  turbulence, 
<7- type  correlation. 


ably  in  the  fact  that  at  vary  low  particle  concentrations, 
the  particle  rate  n,  required  for  the  refinement  step,  is 
poorly  estimated.  In  either  case  however,  the  improve¬ 
ment  factor  is  much  less  than  for  the  measurement  time. 

Note  that  figure  8a  and  b  are  both  plotted  in  a  double 
logarithmic  scale,  indicating  the  power  law  behavior  of 
the  variance  as  a  function  of  particle  concentration  and 
measurement  time. 


The  reconstruction  technique  shows  less  systematic  er¬ 
ror  than  the  slot  correlation  and  furthermore  has  a  lower 
variance.  On  the  other  hand  the  slot  correlation  is  signif¬ 
icantly  easier  to  implement,  requires  less  computational 
time  and  is  also  robust  when  the  particle  concentration 
varies  significantly.  The  main  disadvantage  of  the  slot 
correlation  is  the  inherent  time  averaging  over  each  slot 
width. 
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5.  CONCLUSIONS 

The  present  results  indicate  clearly  the  advantages  of  the 
slot  correlation  and  the  reconstruction  estimate  over  a 
coincidence  estimate  for  the  cross-  correlation  of  veloc¬ 
ity  data  from  a  two-point  LDA.  For  the  user  the  main 
advantage  lies  in  a  significantly  shorter  measurement  du¬ 
ration  to  achieve  a  given  variance,  typically  a  factor  of 
5  or  larger.  Furthermore  the  spatial  bias  for  overlapping 
measurement  volumes  is  completely  avoided. 
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Abstract 

Velocity  signal  reconstruction  for  LDA  data  is  an  attractive  approach  for  turbulence  research.  The 
reduction  of  the  noise  level  is  essential  as  the  noise  obscures  the  small  eddies.  Previous  work  has 
shown  that  first-order  Kalman  reconstruction  improves  the  signal  quality.  In  this  paper  we  will  describe 
a  further  development  of  this  approach  in  which  we  can  avoid  assumptions  about  the  flow  properties 
as  these  are  derived  from  the  raw  data  themselves.  From  the  cross-power  spectrum  an  extended 
reconstruction  filter  can  de  derived  which  forces  the  statistical  properties  of  the  flow  onto  the 
reconstructed  signal  and  gives  this  a  low  Mean  Squared  Error  value  in  time  domain. 


1.  Introduction. 

Laser-Doppler  Anemometry  (LDA)  is  the  only 
measurement  technique  which  is  able  to  measure 
turbulent  velocity  fluctuations  in  highly  turbulent 
flows  (turb.  int.  >  30  %)  with  a  high  spatial  and 
temporal  resolution  (ref.  1).  The  major  disad¬ 
vantage  of  LDA  measurements  is  the  combination 
of  randomly  time-sampled  velocity  estimates  and 
an  unfavourable  Signal-to-Noise  Ratio  (SNR)  of 
the  individual  velocity  estimates  (ref.  2).  This 
hampers  the  interpretation  of  the  data  and 
obscures  the  small  eddies  of  the  turbulent  velocity 
fluctuations.  In  previous  work  we  have  used  first- 
order  Kalman  reconstruction  in  order  to  improve 
the  reconstructed  signal  (ref.  3).  Although  this 
gives  a  significant  improvement  in  both  the  tem¬ 
poral  and  spectral  estimates  of  the  turbulent 
fluctuations,  the  simple  turbulence  model  used  for 
this  first-order  reconstruction  is  a  limiting  factor. 
Especially  the  assumption  that  the  turbulence 


generating  accelerations  can  be  approximated  by 
a  Gaussian  distributed  white  noise  signal  neglects 
the  decrease  in  accelerations  for  the  smaller 
scales  due  to  viscous  forces.  We  have  therefore 
extended  the  technique  to  improve  the  reconstruc¬ 
tion  of  the  turbulent  fluctuations,  using  an 
improved  spectral  estimation,  based  on  the  cross¬ 
covariance  technique  or  the  curve-fitting  to  the 
slotted  Auto  Correlation  Function  (ref.  5  and  7). 


2.  Spectral  estimates. 

Application  of  first-order  Kalman  reconstruction 
to  LDA  data  results  in  a  continuous  velocity  trace 
which  can  be  regarded  as  the  sum  of  the  actual 
velocity  fluctuations  and  a  residual  noise 
contribution  (ref.  3).  Although  improvement  of  the 
input  signal  for  the  Kalman  reconstruction  reduces 
this  noise  significantly  (ref.  6),  it  has  not  been 
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eliminated.  Yet,  by  using  either  the  curve-fit 
spectral  estimator  (ref.  5)  or  the  cross-covariance 
technique  (ref.  7),  the  turbulence  power  spectrum 
can  be  retrieved,  without  making  assumptions 
about  the  flow,  to  below  the  noise  level  (In  the 
remainder  of  this  paper  we  will  use  the  spectral 
estimator  based  on  the  cross-covariance  techni¬ 
que,  but  except  for  one  aspect,  the  procedure  is 
identical  when  the  curve-fit  approach  is  used). 
Because  the  properties  of  the  turbulence  are 
unknown,  the  development  of  this  data-processing 
technique  is  based  on  simulations,  which  have 
been  described  in  previous  work  (ref.  2-6  and  8). 
Using  such  simulations  it  has  been  shown  that  the 
power  spectrum  obtained  by  the  cross-covariance 
technique  is  the  correct  estimator.  This  was  likely, 
but  it  could  not  be  proven  then  (ref.  7),  but  fig.  1 
clearly  shows  it.  The  whole  chain  of  data- 
generation  and  processing  to  obtain  the  cross¬ 
power  spectrum  is  presented  in 
"Data-Processing  I” 

3.  Signal  quality  determination. 

A  suitable  criterion  for  the  characterisation  and 
optimization  of  the  reconstruction  performance  is 
the  Mean  Squared  Error  (MSE): 

MSE  =  4  f  V(0  eft  ;  e(t)  =  KO  -  W 
T  Jo 

in  which: 

v(t)  -  actual  velocity  fluctuations 


v(t)  =  reconstructed  velocity  fluctuations 


The  MSE  is  thus  a  measure  for  the  difference 
between  the  reconstructed  and  actual  velocities 
and  the  lower  the  value,  the  better.  The  power 
spectrum  of  the  reconstructed  signal  and  the 
distribution  of  the  accelerations  will  also  be  used 
to  study  the  results  of  the  reconstruction  scheme. 

4.  The  extended  reconstruction  filter. 

The  two  first-order  Kalman  reconstructed 
velocity  signals  can  be  averaged  in  order  to 
increase  the  SNR  with  a  factor  of  V2,  and  this 


signal  will  be  denoted  by  vn(t).  The  power 
spectrum'  of  vn(t)  can  be  found  (fig.  2)  and  the 
difference  of  this  spectrum  and  the  cross-power 
spectrum  represents  the  residual  noise 
contribution.  The  ratio  of  the  cross-power  spectrum 
and  the  spectrum  of  vn(t)  can  be  used  as  an 
extended  reconstruction  filter,  which  would  force 
the  correct  spectral  characteristics  on  vn(t).  (Note 
that  it  is  required  to  take  the  square  root  because 
we  need  the  amplitude  and  the  spectra  represent 
power).  Because  of  the  variance  in  the  cross¬ 
power  spectrum  for  high  frequencies,  a  parameter 
description  of  such  a  filter  has  been  used,  similar 
as  in  ref.  5  and  1 1 : 


in  which  fv  f2  and  f3  are  characteristic  frequencies 
and  m  is  an  exponent.  The  four  parameters  can 
be  fitted  to  the  experimental  result,  see  fig.  3.  The 
actual  reconstruction  is  done  by  convolving  vn(t) 
with  the  impulse  response  of  the  extended  filter. 
To  include  the  correction  for  the  random  sampling 
(ref.  2  and  3),  the  transfer  function  of  the  extended 
filter  is: 


in  which  t0  is  the  average  time  between  two  suc¬ 
cessive  Doppler  signals.  After  convolving  vn(t)  with 
the  impulse  response  (see  fig.  4)  the  reconstructed 
signal  has  the  correct  spectral  properties  without 
any  further  assumptions  about  the  properties  of 
the  flow  and  it  is  corrected  for  the  low-pass 
properties  of  the  random  sampling.  It  can  therefore 
be  regarded  as  a  close  to  optimum  estimation  of 
the  turbulent  velocity  fluctuations  at  any  instant  in 
time.  The  complete  data-processing  procedure  is 
shown  in  "Data-Processing  IT. 
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5.  Results. 

The  output  signal  of  the  data-processing 
procedure  has  been  analyzed  and  compared  with 
the  expected  values.  As  a  first  step,  the  output 
signal  is,  together  with  the  simulated  turbulence  it 
was  to  reconstruct,  shown  in  fig.  5.  Only  some 
small  deviations  can  be  seen. 

Secondly,  the  MSE  Values  have  been  cal¬ 
culated  and  are  presented  in  table  1 .  The 
improvement  is  obvious. 

Thirdly,  the  power  spectrum  has  been  cal¬ 
culated  and  it  is  presented  in  fig.  6,  showing  it  is 
correct  over  5.5  decades  with  a  small  residual 
noise  contribution,  due  to  the  residual  noise  in  the 
cross-power  spectrum. 

Furthermore,  the  distributions  of  the  ac¬ 
celerations,  which  is  more  sensitive  to  noise  than 
that  of  the  velocities,  have  been  calculated  after 
the  various  steps  and  are  shown  in  fig.  7-12, 
starting  at  the  simulated  turbulence  and  ending  at 
the  reconstructed  turbulence. 

All  these  analyses  shown  that  the 
reconstruction  has  been  successful. 

6.  Discussion. 

The  reconstruction  of  the  velocity  produces  a 
signal  that  has  a  close  resemblance  to  the  input 
signal.  However,  there  will  always  be  some 
residual  noise  present  as  is  clear  from  table  1. 
This  is  inherent  to  the  LDA  measurement  process 
and  cannot  be  avoided.  However,  it  can  be  op¬ 
timized  as  has  been  discussed  previously  (ref.  2  - 
6  and  9).  As  the  cross-covariance  technique 
reduces  the  noise  because  the  noise  contributions 
are  not  correlated,  the  approach  works  best  when 
the  SNR  of  the  input  signal  is  already  as  high  as 
possible.  Advantageous  is,  however,  that  it  allows 
to  use  larger  values  of  the  Kalman  filter  gain  and 
thus  a  less-critical  setting  of  the  parameters.  Yet, 
again  the  results  of  this  work  emphasize  the 
importance  of  the  data-rate  which  determines  the 
high-frequency  resolution  of  the  spectrum  (ref.  10) 
and  the  residual  noise  contribution  (see  table  1). 
Still,  the  technique  described  in  this  paper  enables 
us  to  obtain  signals  which  have,  in  all  aspects, 
properties  which  are  in  agreement  with  the  statis¬ 
tics  of  the  turbulence  and  are  thus  very  similar  to 
HWA  signals.  These  statistical  properties  of  the 
turbulence  have  been  derived  from  the  data  itself, 


so  there  is  no  need  for  assumptions  which  could 
easily  lead  to  "self-fulfilling  prophecies".  The  only 
exception  is  the  assumption  that  the  accelerations 
are  limited  in  order  to  apply  the  first-order  Kalman 
reconstruction.  Such  a  limitation  is  realistic  as  the 
forces  are  limited. 

The  major  disadvantage  of  this  approach  is 
that  it  is  rather  (computer)  time  consuming. 
However,  computing  power  still  increases  at  an 
incredibly  fast  rate  and  it  is  also  cheap  in  com¬ 
parison  to  an  LDA  system:  the  price  ratio  of 
LDA/PC  is  roughly  100.  In  our  view  it  is  better  to 
spend  more  on  PC’s  in  order  to  enable  data- 
processing  algorithms  like  these  than  to  leave 
important  information  unused.  On  top  of  that  we 
think  that  experiments  that  improve  our  knowledge 
of  and  insight  into  the  mechanisms  of  turbulence 
are  worth  a  couple  of  PC’s.  And  apart  from  the 
investment:  don’t  forget  the  amount  of  time  (which 
is  money  too!)  involved  in  getting  the  experiments 
done.  In  our  view  is  the  quality  of  the  results  more 
important  than  the  required  processing  time. 

On-line  use  of  this  approach  can  be  done  if  the 
Kalman  and  extended  filter  properties  have  been 
derived  from  a  previous  measurement.  This  re¬ 
quires  a  stationary  flow  and  stationary 
measurement  conditions,  but  in  many  (laboratory) 
cases  this  is  feasible.  It  would,  however,  require 
specialized  hardware  (DSP  chips). 

Although  the  technique  has  been  developed  for 
LDA  signals,  it  can  be  used  for  similar  signals,  ob¬ 
tained  from  e.g.  HWA,  as  well.  With  low  turbulence 
intensity,  such  signals  can  become  noisy  too. 

The  use  of  the  cross-covariance  is  only  pos¬ 
sible  when  two  independent  measurement  chains 
are  available.  The  curve-fitting  approach  (ref.  5) 
allows  to  do  the  same  on  a  single  measurement 
chain,  but  one  loses  the  3  dB  gain  in  the  SNR  due 
to  the  averaging  of  the  signals,  meaning  a  higher 
residual  noise  level  in  the  output  signal.  Note  that 
the  curve-fit  approach,  which  has  been  developed 
for  "low"  data-rate  conditions,  can  be  applied  to 
high  data-rate  conditions  as  well,  but  the 
reconstruction  still  requires  the  high  data-rate. 


7.  Conclusions  and  future  work. 

-  Estimation  of  the  Power  Spectral  Density  of  the 

turbulent  velocity  fluctuations  using  the  cross 
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covariance  technique  leads  to  a  correct  es¬ 
timator  of  the  PSD. 

-  Processing  the  first-order  Kalman 
reconstructed  velocity  signal  with  an  extended 
reconstruction  filter  results  in  reconstructed 
turbulence  which  has  spectral  properties  with 
the  correct  statistics  and  low  MSE  values  in 
time  domain. 

-  Optimisation  of  the  total  LDA  system  remains 
essential.  The  important  parameters  are  the 
SNR  of  the  individual  velocity  estimates  and 
the  data-rate. 

-  Application  of  the  curve-fit  technique  enables  a 
similar  data-processing  for  single  chain 
measurements. 

-  Automatic  "design"  of  the  extended 
reconstruction  filter  by  determining  the 
parameters  is  possible. 

References 

1.  F.  Durst,  A.  Melling  and  J.H.  Whitelaw, 
"Principles  and  Practice  of  Laser-Doppler 
Anemometry",  Academic  Press,  1976. 

2.  R.  Booij  and  J.M.  Bessem  (ed.),  Report  on 
Workshop  "User’s  Needs  for  Laser  Doppler 
Anemometry",  Supplement  to  the  Proc.  5th  Int. 
Conf.  on  Laser-Doppler  Anemometry,  August 
1 993,  Veldhoven  (Netherlands). 

3.  H.R.E.  van  Maanen  and  H.J.A.F.  Tulleken, 
"Application  of  Kalman  reconstruction  to 
Laser-Doppler  Anemometry  data  for  estimation 
of  turbulent  velocity  fluctuations",  Proc.  7th  Int. 
Symp.  on  Appl.  of  Laser  Techniques  to  Fluid 
Mech.,  July  1994,  Lisbon  (Portugal),  paper 
23.1 

4.  H.R.E.  van  Maanen  and  M.  Tummers, 
"Estimation  of  the  Auto  Correlation  Function  of 
Turbulent  Velocity  Fluctuations  using  the 
Slotting  Technique  with  Local  Normalisation", 
Proc.  8th  Int.  Symp.  on  Appl.  of  Laser  Techni¬ 
ques  to  Fluid  Mech.,  July  1996,  Lisbon 
(Portugal),  paper  36.4 

5.  H.R.E.  van  Maanen  and  A.  Oldenziei, 
"Estimation  of  Turbulence  Power  Spectra  from 
Randomly  Sampled  Data  by  Curve-Fit  to  the 
Auto  Correlation  Function,  Applied  to 
Laser-Doppler  Anemometry",  Measurement 
Science  and  Technology  9  (March  1998),  pp. 
458  -  467. 


6.  H.R.E.  van  Maanen,  “A  Novel  Re-Sampling 
Technique  for  Randomly  Sampled  LDA  Data", 
Proc.  7th  Int.  Conf.  "Laser  Anemometry:  Ad¬ 
vances  and  Applications",  Sept.  1997, 
Karlsruhe  (Germany),  paper  12.3 

7.  H.R.E.  van  Maanen,  K.  van  der  Molen  and 

J.  Blom,  "Reduction  of  Ambiguity  Noise  in 
Laser-Doppler  Velocimeter  by  a  Crosscor¬ 
relation  Technique",  Proc.  LDA-Symposium, 
August  1975  Copenhagen  (Denmark),  pp.  81- 
89. 

8.  J.M.  Bessem  and  H.R.E.  van  Maanen, 
"Optimization  of  digital  storage  of  random 
analogue  data",  Meas.  Sci.  Technol.  5  (1994), 
pp.  1331  -  1338. 

9.  H.R.E.  van  Maanen  and  F.J  .Nijenboer, 
"Application  of  the  Wavelet  Transform  to 
Laser-Doppler  Signal  Processors",  Proc.  8th  Int. 
Symp.  on  Appl.  of  Laser  Techniques  to  Fluid 
Mech.,  July  1996,  Lisbon  (Portugal),  paper 
31.4 

10.  A.  Host-Madsen  and  Chr.  Caspersen,  "The 
Limitations  in  High  Frequency  Turbulence 
Spectrum  Estimation  using  the  Laser  Doppler 
Anemometer",  Proc.  7th  Int.  Symp.  on  Appl. 
of  Laser  Techniques  to  Fluid  Mech.,  July 
1994,  Lisbon  (Portugal),  paper  11.2 

11.  E.  Muller,  H.  Nobach  and  C.  Tropea,  "Model 
Parameter  Estimation  from  LDA  Data  at  Low 
Particle  Rates",  Proc.  Laser  Anemometry 
1995  (Hilton  Head  Island,  SC,  U.S.A.)  FED- 
Vol.  229  Laser  Anemometry  ASME  1995  pp. 
417  -  424. 


Table  1:  Mean. Squared  Error  Values. 

Condition  MSE  (x  10'5),  arb.  units 


1.  Low  (1  kHz)  rate  linear,  interpol.  15.9292 

2.  High  (10  kHz)  rate  linear,  interpol.  10.4186 

3.  As  2.  with  Gaussian  filter.  9.1148 

4.  1s,-order  Kalman  rec.  (DR  500  Hz).  7.0037 

5.  As  4.  +  extended,  reconstr.  3.6940 

6.  As  5.  (DR  1000  Hz)  2.0195 
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Data  Processing  I 
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Data  Processing  II 
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Figure  1 :  Cross  power  spectrum  derived  from  the  cross  Figure  2:  Auto  power  spectrum  derived  from  the  auto 

covariance  function  of  two  Kalman  reconstructed  velocity  covariance  function  of  the  average  of  two  Kalman 

traces  (data  rate  =  1  kHz)  and  the  spectrum  of  the  simulated  reconstructed  velocity  traces  (data  rate  =  1  kHz), 

turbulence. 


Figure  6:  Auto  power  spectrum  derived  from  the  auto 
covariance  function  of  the  extended  filtered  version  of  vn(t) 
(average  sampling  rate  =  1  kHz). 


Figure  3:  Characteristic  of  the  extended  reconstruction  filter, 
f,  =  151  Hz,  f2  =  70  Hz,  f3  =  395  Hz  and  m  =  5.6 


Figure  4:  The  impulse  response  of  the  filter  of  the  extended 
reconstruction  filter,  including  a  correction  for  the  random 
sampling. 
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Figure  5:  Simulated  turbulence  (upper  curve)  and  reconstructed  turbulence  (lower 
cun/e);  average  data  rate  of  1  kHz. 


Figure  7:  Histogram  of  the  accelerations  derived  from  the 
simulated  turbulence. 


Figure  8:  Histogram  of  the  accelerations  derived  from  the 
randomly  sampled  turbulence.  Note  the  scale! 


Figure  9:  Histogram  of  the  accelerations  derived  from  the 
interpolated  signal. 


Figure  10:  Histogram  of  the  accelerations  derived  from  the 
first-order  reconstructed  turbulence. 


Figure  11:  Histogram  of  the  accelerations  derived  from  the 
first-order  Kalman  reconstructed  turbulence. 


Figure  12:  Histogram  of  the  accelerations  derived  from  the 
first-order  Kalman  reconstructed  turbulence  and  extended 
reconstruction  filtering. 
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ABSTRACT 

The  prime  task  of  laser  Doppler  signal  processing  is 
the  determination  of  the  Doppler  frequency  of  a 
measured  burst  signal.  In  the  first  part  of  this  paper 
digital  algorithms  for  this  purpose  are  examined  by 
Monte  Carlo  simulations.  Especially  those  algorithms 
that  are  based  on  the  fast  Fourier  transform  (FFT) 
(either  in  combination  with  a  spectral  peak  interpolation 
procedure  or  as  a  realization  of  the  discrete  Hilbert 
transform)  represent  a  good  choice  in  this  context. 
However,  in  practical  applications  of  LDA  the  Doppler 
frequency  is  not  always  exactly  stationary.  For  example, 
particle  accelerations  or  droplet  oscillations  give  rise  to 
characteristc  frequency  modulation  phenomena  of  the 
Doppler  signals.  These  can  be  observed,  when  time- 
frequency  analysis  is  applied.  Therefore,  several 
approaches  in  this  field  have  been  studied  in  order  to 
obtain  maximum  information  from  a  measured  Doppler 
burst.  Two  of  these  methods  are  also  based  on  the 
analytic  signal  calculated  via  Hilbert  transform.  These 
are  the  ‘direct  time-frequency  estimation’  and  the 
‘Wigner-Ville  distribution’.  As  an  alternative  an 
algorithm  based  on  the  ‘short  time  Fourier  transform 
(STFT)’  will  be  introduced,  which  provides  realtime 
capabilities  by  use  of  a  recursive  computation  of  the 
Fourier  coefficients  corresponding  to  the  time-frequency 
representation  of  the  signal.  All  algorithms  have  been 
first  investigated  using  simulated  frequency  modulated 
signals  and  have  been  applied  also  to  measured  Doppler 
signals  obtained  under  different  experimental 
conditions. 


1.  INTRODUCTION 

Signal  processing  in  laser  Doppler  anemometry 
generally  deals  with  an  accurate  determination  of  the 
Doppler  frequency  of  a  measured  burst  signal  in  the 


presence  of  noise.  The  most  common  digital  algorithms 
for  this  purpose  are  based  on  spectral  analysis  using  the 
fast  Fourier  transform  (FFT)  (e.g.  Matovic  and  Tropea 
1991)  or  autoregressive  (AR)  parameter  identification 
(e.g.  Kay  and  Marple  1981)  or  use  the  noise  reduction 
properties  of  the  autocorrelation  function  (ACF-methods) 
(e.g.  Matovic  and  Tropea  1989).  In  the  following,  the 
practical  applicability  of  these  different  approaches  will 
be  assessed  by  the  computational  load  and  the  frequency 
estimation  error  obtained  from  Monte-Carlo  simulations. 
In  general,  it  is  assumed  that  the  parameters  of  the 
signals,  which  are  to  be  analysed,  are  stationary.  This 
means  that  the  Doppler  frequency  does  not  change  within 
the  sampling  period. 

However,  on  experimental  investigation  characteristic 
frequency  modulation  phenomena  could  be  observed  in 
laser  Doppler  signals  (Lehmann  et  al.  1997).  Such  effects 
appear  when  the  particles  under  investigation  are 
accelerated  within  the  LDA  measurement  volume  or  in 
the  case  of  drops  or  bubbles,  which  show  temporal 
changes  of  their  shape  (e.g.  droplet  oscillations).  A 
constant  acceleration  of  a  spherical  particle  results  in  a 
linear  frequency  modulation  of  the  Doppler  signal.  In 
addition,  an  oscillating  particle  shape  leads  to  a  periodic 
modulation  of  the  Doppler  frequency.  Of  course,  a 
periodic  frequency  modulation  occurs  if  Doppler  signals 
are  produced  by  particles  in  an  acoustic  field  (Herzog  et 
al.  1996). 

2.  DETERMINATION  OF  DOPPLER  FREQUENCIES 

Since  the  early  applications  of  the  laser  Doppler 
technique  a  broad  variety  of  digital  signal  processing 
approaches  has  been  proposed.  Some  of  the  most  used 
algorithms  showing  a  high  accuracy  and  an  acceptable 
computational  burden  will  be  discussed  in  this  section. 

With  respect  to  that  what  follows  not  only  the 
dependence  on  the  signal-to-noise  ratio  will  be  taken  into 
account  but  also  the  shape  of  the  burst  amplitude  and  the 
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number  of  cycles  of  the  signal  under  investigation  will  be 
varied. 

The  most  wide-spread  method,  however,  may  be  the 
computation  of  the  power  spectral  density  (PSD)  via  FFT 
combined  with  an  interpolation  between  the  maximum 
spectral  lines  of  the  PSD  in  order  to  reduce  errors 
resulting  from  the  finite  spectral  resolution  of  the  FFT. 
Due  to  the  intensity  distribution  of  a  Gaussian  laser  beam 
it  is  generally  assumed  that  the  shape  of  the  burst 
envelope  is  also  Gaussian,  so  that  the  Gaussian  spectral 
peak  interpolation  can  be  applied  successfully  (Matovic 
and  Tropea  1991). 

Otherwise,  if  only  a  small  section  of  a  complete 
Doppler  signal  is  evaluated,  one  can  assume  that  the 
burst  amplitude  shows  an  approximately  exponential 
change  (either  an  exponential  increase  or  an  exponential 
decrease).  In  these  cases  the  socalled  Rajaona  spectral 
peak  interpolation  (Rajaona  and  Sulmont  1985,  Lehmann 
1997)  should  be  preferred,  which  assumes  that  the  signal 
s(t)  in  the  time  domain  may  be  decribed  by 

s(t)  ~  Re(exp  (i  o*>  t  +  <Po))>  (1) 

where  Re(...)  denotes  the  real  part  of  the  embraced 
complex  number.  Exponential  changes  of  the  amplitude 
are  taken  into  account  since  the  angular  frequency  coo  may 
be  complex.  In  contrast  to  the  Gaussian  spectral  peak 
interpolation  the  Rajaona  algorithm  is  based  on  the 
complex-valued  Fourier  coefficients  instead  of  the  real 
PSD. 

The  Hilbert  transform  of  a  signal  s(t)  results  in  the 
analytic  signal  a(t)  with  the  real  part  Re(a(f))  =  s(t)  and  a 
90°  phase-shifted  signal  as  the  imaginary  part.  The 
discrete  Hilbert  transform  (DHT)  is  realized  as  follows: 
The  discrete  signal  sn  =  s(n  At)  (n  e  {0, ...,  Ml },  where  N 
is  the  number  of  sample  points)  is  first  transformed  by 
FFT  to  the  frequency  domain.  Then  the  spectral 
coefficients  A k  are  chosen  such  that  Ak  =  25V  f°r  ^ 
e  {0,...,A72-1 }  and  Ak  =  0  for  ke  {M2,...,  Ml }.  Finally, 
an  inverse  FFT  of  the  coefficients  Ak  yields  the  discrete 
analytic  signal.  An  alternative  technique  to  produce  the 
analytic  signal  is  the  quadrature  demodulation  technique 
(QDT),  which  was  widely  applied  in  the  context  of  LDA 
over  the  last  years  (e.g.  Czarske  et  al.  1993,  Strunk  et  al. 
1996). 

The  time-dependent  phase  <p(f)  is  determined  from  the 
analytic  signal  by  use  of  the  relationship 

cp(r)  =  arctan(Im(a(?))  /  Re(a(?)))  +  m  2n,  (2) 

where  m  is  an  integer  which  can  be  obtained  by  an 
unwrapping  procedure.  The  Doppler  frequency  /d  results 
from  the  gradient  of  cp(f)  if  a  linear  relationship 
cp(0  =  2ti/d  t  +  cp0 


is  assumed  (i.e.  a  stationary  Doppler  frequency)  and  can 
be  obtained  by  linear  regression  (Czarske  et  al.  1993, 
Lehmann  and  Schombacher  1997).  However,  due  to  the 
sampling  process  in  the  frequency  domain,  the  imaginary 
part  of  the  analytic  signal  is  periodically  continued.  This 
results  in  the  curves  shown  in  Fig.  1.  If  the  number  of 
sampled  signal  cycles  is  not  an  integer  this  leads  to 
discrepancies  between  the  90°  phase-shifted  signal  and 
the  imaginary  part  of  the  DHT  at  the  beginning  and  at  the 
end  of  the  sampling  period  (see  Fig.  lb).  In  order  to 
avoid  systematic  errors  in  the  frequency  estimation  only 
the  discrete  phase  values  cp„  with  n  e  { 10,  ...,  Ml  1 }  have 
been  used  for  frequency  estimation  by  linear  regression. 


signal  of  a)  3.0  cycles  per  sampling  period  and 
b)  3.3  cycles  per  sampling  period  (M=128). 

A  completely  different  approach  to  the  spectral 
analysis  of  Doppler  signals  is  the  maximum  entropy 
method  (MEM)  realized  by  the  Burg-algorithm  (Kay  and 
Marple  1981,  Kammeyer  and  Kroschel  1992,  Press  et  al. 
1989).  This  autoregressive  method  is  based  on  the 
autocorrelation  function  (ACF)  of  the  signal.  The  signal 
under  evaluation  is  approximated  by  a  recursive  filtering 
of  a  white  noise  generation  process.  The  power  spectral 
density  P(z)  in  the  z-domain  is  approximated  by 
M 

P(z)~a0/\l  +  ^akzk  |2,  (3) 

*=i 

where  M  is  the  number  of  poles  of  the  PSD  estimation. 
By  use  of  the  Burg-algorithm  the  unknown  coefficients 
a\,a2,—,a.M  are  estimated.  For  details  it  is  referred  to  the 
relevant  literature. 
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Another  LDA  signal  processing  method  based  on  the 
ACF  has  been  studied  but  was  rejected  due  to  a  lack  of 
accuracy  (Mato vie  and  Tropea  1989). 

In  order  to  compare  the  performance  of  the  signal 
processing  approaches  under  investigation  Monte  Carlo 
simulations  have  been  carried  out.  Laser  Doppler  signals 
of  well  known  signal-to-noise  ratio  (SNR)  were  produced 
by  the  addition  of  Gaussian  white  noise  to  Gaussian 
weighted  or  pure  sinusoidal  functions.  The  frequency 
estimation  errors  have  been  calculated  for  100 
realizations  of  the  stochastic  noise  process  assuming  a 
constant  SNR  value.  The  SNR  was  defined  according  to 
the  commonly  used  SNR  definition  (e.g.  Shingpaugh  et 
al.  1992).  Final  results  of  the  frequency  estimation  error 
given  as  the  standard  deviation  (related  to  the  assumed 
Doppler  frequency)  are  depicted  in  Fig.  2  assuming  a 
sinusoidal  signal  with  3.3  cycles  within  the  sampling 
period  as  it  is  shown  in  Fig.  lb.  Due  to  the  occurance  of 
leakage  this  may  be  interpreted  as  the  , worst  case1  (see 
Lehmann  and  Schone  1997).  When  the  SNR  is  greater 
than  8  dB  the  Hilbert  transform  method  exhibits  the  best 
results.  However,  also  the  FFT  in  combination  with  the 
Rajaona  interpolation  yields  satisfying  results  and  should 
be  preferred  especially  when  the  signal  quality  is  low. 
For  comparison,  in  Fig.  2  also  the  Cramer-Rao  lower 
bound  is  plotted  (Rife  and  Boorstyn  1974). 


SNR  [dB] 

Fig.  2:  Frequency  estimation  errors  of  different  signal 
processing  algorithms  obtained  from  Monte  Carlo 
simulations  assuming  the  sinusoidal  signal 
according  to  Fig.  lb. 

The  situation  is  different  if  we  assume  a  Gaussian 
weighted  sinusoidal  signal  symmetrically  within  the 
sampling  period.  Due  to  the  Gaussian  envelope  the 
Rajaona  interpolation  shows  rather  large  errors  as  it  was 
to  be  expected.  For  high  SNR  values  (>14  dB)  the  results 
of  the  Hilbert  transform  method,  the  MEM  results 
assuming  four  poles,  and  the  Gaussian  windowed  FFT 
with  Gaussian  spectral  peak  interpolation  show  the 
smallest  errors.  For  lower  signal  quality  only  the  FFT 
combined  with  a  Gaussian  spectral  peak  interpolation 


should  be  used.  Note,  that  although  information  of  the 
signal  is  lost  by  use  of  the  Gaussian  window,  there  is 
only  less  influence  on  the  frequency  estimation  for  low 
SNR  but  because  of  the  leakage  reduction  the  estimation 
error  shrinks  significantly  for  higher  SNR.  The  maximum 
entropy  method  (assuming  4  poles)  is  a  promising 
alternative  in  comparison  with  FFT  signal  processing, 
when  the  signal  quality  is  sufficient  and  the  number  of 
cycles  within  the  sampling  period  is  high  enough. 
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Fig.  3:  Frequency  estimation  errors  of  different  signal 
processing  algorithms  obtained  from  Monte 
Carlo  simulations  assuming  a  Gaussian  weighted 
sinusoidal  signal  with  33.3  cycles  within  the 
sampling  period  (the  maximum  amplitude  is 
reduced  by  1/e2  at  the  beginning  and  at  the  end 
of  the  record  period). 


Finally,  Tab.  1  gives  the  computational  load  of  the 
different  numerical  algorithms  introduced  above  in 
relation  to  common  FFT  signal  processing. 


Tab.  1:  Computational  load  for  different  algorithms 


FFT+  spectral  peak  interpolation 
(Gaussian  or  Rajaona) 

100% 

Hilbert  transform  method 

360% 

MEM  method,  4  poles 

144% 

MEM  method,  20  poles 

565  % 

3.  TIME-RESOLVED  LDA  SIGNAL  PROCESSING 

Frequency  modulation  phenomena  can  be  determined 
by  use  of  time-frequency  analysis.  Several  approaches 
that  allow  a  time-resolved  determination  of  spectral 
characteristics  have  been  published  over  the  last  years. 
For  LDA  applications  a  high  resolution  of  the  frequency 
estimation  procedure  must  be  required  in  order  to  avoid 
that  the  occuring  frequency  variation  will  be 
overwhelmed  by  uncertainties  of  the  estimation 
algorithm.  This  chapter  is  intended  to  examine  and  to 
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compare  different  methods  with  respect  to  the  demands 
of  LDA  and  PDA.  Three  algorithms  seeming  convenient 
have  been  chosen.  These  are  the  ‘direct  time-frequency 
estimation’  based  on  the  analytic  signal,  the  ‘Wigner- 
Ville  spectral  distribution  (WVD)’  followed  by  a 
Gaussian  spectral  peak  interpolation,  and  the  ‘short  time 
Fourier  transform  (STFT)’  in  combination  with  the 
spectral  peak  interpolation  introduced  by  Rajaona 
(Rajaona  and  Sulmont  1985),  which  takes  an  exponential 
change  of  the  signal  amplitude  into  account.  The  direct 
time-frequency  estimation  and  the  WVD  are  based  again 
on  the  analytic  signal  obtained  either  by  DHT  (discrete 
Hilbert  transform)  or  by  the  quadrature  demodulation 
technique  (QDT)  (Czarske  et  al.  1993).  The  results 
presented  here  are  based  on  the  DHT  as  described  in  the 
previous  chapter.  Instantaneous  frequency  values  /„  of  a 
signal  result  from  the  discrete  phase  values  cp„,  n  e  {0, ..., 
N- 1}  by  use  of  the  rectangular  numerical  differentiation 
formula: 

/„  =  (<P,.-<P«.i)/(2«A/).  (4) 

The  Wigner  Ville  distribution  is  generally  defined  by 
(Skerl  et  al.  1994,  Lehmann  1997): 

W(f,  /)  =  w(t  /  2)a(t  +  T  /  2) 

x  w*  (— t  /  2)a  (r  -  t  /  2)  exp(-z2#T )dr . 

(5) 

The  numerical  computation  of  the  WVD  can  be 
achieved  by  a  discrete  Fourier  Transform: 

WV  ,  =  — V M~lw2am+nam  „exp (-inkn/M), 

”  v  m,k  m  j£jn= 0  n  m+n  m  r 

(6) 

where  the  Wigner  Ville  spectrum  is  related  to  the  m-th 
sample  point  on  the  time  scale  using  2 M  of  all  N  sample 
points  of  the  analytic  signal.  For  the  window  function  w„ 
we  choose  again  the  Gaussian  function  in  order  to  apply 
the  Gaussian  spectral  peak  interpolation  in  the  frequency 
domain. 

Alternatively  the  STFT  can  be  used  for  time- 
frequency  estimation.  The  formula 

1  M-\ 

Sm,k  =^-SwM/2expH2  nknIM)  (7) 

yields  the  spectral  coefficients  Sk  related  to  the  m-th 
sample  point  in  the  time  domain.  Note,  that  no  window 
function  is  used  in  this  formula.  This  allows  to  calculate 
the  spectral  coefficients  related  to  the  (m+l)-th  sample 
point  by  recursion: 

Sm+l,k  =  (.Sm,k  +(Sm+M/2~  Sm-MI2^ 

xexp(i2nk/  M).  (8) 


By  this  recursive  computation  of  the  spectral  coefficients 
a  greatly  reduced  computational  burden  could  be 
achieved  (Lehmann  1997).  To  improve  the  frequency 
resolution  of  the  STFT  the  Rajanona  spectral  peak 
interpolation  is  applied  to  estimate  the  instantaneous 
Doppler  frequency  using  the  spectral  coefficients  Sm,k  , 
•W-i)  and  Sm,(*+i),’ where  it  is  assumed  that  the  k-th  DFT 
spectral  line  corresponds  to  the  maximum  spectral  peak 
in  the  local  PSD. 

The  performance  of  these  different  methods  could  be 
further  improved  by  FIR-filtering.  The  time-frequency 
signal  /„  is  convoluted  by  the  filter  function 

gn  =  exp (-(n  -  n0)2/(n0  -  l)2) ,  (9) 

where  n  e{0,...,40}  and  n0=2O.  In  the  following  the 
different  methods  are  compared  on  the  basis  of  a 
measured  Doppler  signal  obtained  from  a  rising 
butylacetate  drop  in  water  (Schombacher  1997).  The 
Doppler  signal  is  shown  in  Fig.  4.  In  the  time-domain  one 
can  not  observe  any  changes  of  the  Doppler  frequency. 
However,  the  results  of  time-frequency  estimation  exhibit 
the  characteristic  behaviour  as  it  is  shown  in  Fig.  5  and 
Fig.  6:  The  Doppler  frequency  shows  a  nearly  linear 
increase  and  a  superimposed  periodic  modulation.  These 
effects  result  from  the  acceleration  of  the  droplet  within 
the  measurement  volume  and  a  periodic  oscillation  of  the 
droplet  shape. 
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Fig.  4:  Laser  Doppler  signal  obtained  from  a  rising 
butylacetate  droplet  of  1.1  mm  diameter  in 
water  (distance  between  measurement  volume 
and  droplet  detachment:  10  mm). 

Fig.  5  was  obtained  by  use  of  the  direct  time- 
frequency  estimation  method.  The  fine  line  shows  rather 
large  fluctuations  resulting  from  the  noise  dependence  of 
the  numerical  differentiation  procedure.  This  curve  can 
hardly  be  utilized  to  identify  frequency  modulation 
phenomena.  Although  the  signal  quality  is  high,  only  the 
bold  line,  which  represents  the  time-frequency  curve  after 
FIR  filtering,  shows  the  main  characteristics  of  the  signal. 
The  corresponding  results  of  the  WVD  and  STFT 
technique  are  depicted  in  Fig.  6.  In  these  two  cases  the 
time-frequency  curve  is  less  influenced  by  noise. 
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Fig.  5:  Result  of  the  direct  time-frequency  estimation  for 
the  Doppler  burst  according  to  Fig.  4:  fine  line: 
result  without  filtering,  bold  line:  result  after  FIR 
filtering. 


Fig.  6:  Time-frequency  curves  for  the  Doppler  burst 
according  to  Fig.  4  obtained  by  WVD  and 
STFT  (M=64). 


To  study  the  dependence  of  the  different  approaches 
on  the  signal-to-noise  ratio  (SNR)  more  quantitatively, 
Monte-Carlo  simulations  have  been  performed.  Gaussian 
white  noise  has  been  added  to  a  test  signal  given  by 

sn  =  sin(27t(50+2.5  n/N)  n/N  +  0.5  sin(  I  On  n/N)),  (10) 

which  shows  a  linear  and  a  superimposed  sinusoidal 
frequency  modulation  (see  Fig.  7d). 

Some  results  of  time-frequency  analysis  are  shown  in 
Fig.  7.  The  diagrams  in  Fig.  7a  and  7b  were  obtained 
under  the  assumption  of  SNR=10  dB.  In  the  case  of  the 
direct  time-frequency  estimation  the  frequency 
modulation  can  only  be  established  if  FIR-filtering  is 
applied  (bold  line  in  Fig.  7a).  The  Wigner-Ville  and  the 
STFT  based  methods  can  be  used  both  in  the  case  of  the 
10  dB  signal  (see  Fig.  7b).  However,  if  the  SNR  is 
reduced  to  0  dB  the  direct  time-frequency  estimation 
(followed  by  FIR-filtering)  and  the  WVD  fail  as  it  can  be 
seen  in  Fig.  7c.  From  the  STFT  result  shown  in  Fig.  7d 


the  principal  time-frequency  behaviour  can  be 
established  even  in  this  case. 
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Fig.  7:  Comparison  of  methods  for  time-frequency 
analysis  assuming  a  linear  and  a  superimposed 
periodic  frequency  modulation  and  SNR  values 
of  10  dB  (Fig.  7a  and  7b)  and  0  dB  (Fig.  7c  and 
7d).  Fig.  7a:  results  of  the  direct  time-frequency 
estimation  (fine  line),  same  result  after  FIR 
filtering  (bold  line);  Fig.  7b:  results  of  WVD 
and  STFT  (M=128);  Fig.  7c:  results  of  the 
direct  time-frequency  estimation  after  FIR- 
filtering  (solid  line)  and  WVD  results  (dotted 
line);  Fig.  7d:  STFT  result  (fine  line),  bold  line: 
frequency  modulation  acc.  to  eq.(10). 
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If  the  computational  efficiency  is  also  taken  into 
account,  the  modified  STFT  should  be  preferred  for 
practical  applications,  since  this  method  allows  a  time- 
frequency  analysis  in  realtime.  Due  to  the  recursive 
computation  of  spectral  coefficients  according  to  eq.  (8) 
the  computational  burden  of  the  STFT  method  in 
comparison  with  the  WVD  is  less  than  5  %  (Lehmann 
1997). 

4.  APPLICATIONS  OF  TIME-RESOLVED  SIGNAL 

PROCESSING 

In  the  following  only  the  recursive  STFT  method  in 
combination  with  the  Rajaona  spectral  peak  interpolation 
is  used  to  analyse  Doppler  signals  measured  under 
different  experimental  situations.  The  results  shown  in 
Fig.  8  exhibit  the  frequency  modulation  of  Doppler 
signals  produced  by  water  droplets  of  50  pm  diameter, 
which  were  generated  by  a  piezoelectrical  droplet 
generator. 


Fig.  8:  Time-frequency  curves  calculated  for  Doppler 
signals  produced  by  water  droplets  (a)  soon  after 
detachment  from  the  droplet  generator,  (b)  for  a 
larger  distance  between  droplet  generator  and 
measurement  volume. 

In  the  case  of  Fig.  8a  the  measurement  volume  was 
positioned  close  to  the  orifice  of  the  droplet  generator. 
The  periodic  frequency  modulation  which  can  be 
explained  by  an  oscillating  droplet  shape  stimulated  by 
the  detachment  of  the  droplet  is  damped  within  the 
measurement  volume.  For  Fig.  8b  the  distance  between 
droplet  generator  and  measurement  volume  was  about  20 


mm.  At  this  distance  the  droplet  oscillation  has  been 
damped  down,  so  that  the  Doppler  signal  shows  no 
periodic  frequency  modulation.  Nevertheless,  a  nearly 
linear  decrease  of  the  Doppler  frequency  can  be  observed 
in  Fig.  8b,  which  is  attributed  to  the  deceleration  of  the 
droplet  due  to  a  convective  air  stream  that  was  directed 
against  the  motion  of  the  droplet. 

Besides  the  computational  efficiency  with  respect  to 
time-frequency  estimation  another  advantage  of  the 
STFT  technique  in  comparison  with  the  WVD  is  its 
applicability  to  phase  Doppler  signals  (i.e.  a  time- 
resolved  PDA  phase  difference  curve  can  be  determined) 
as  it  is  shown  in  Fig.  9.  The  experimental  results 
according  to  Fig.  9  were  taken  from  a  rising  toluene  drop 
in  water.  An  oscillation  of  the  droplet  shape  was 
achieved  by  the  rather  large  drop  size  (diameter  =  2.5 
mm)  and  by  measuring  only  a  short  time  after  the 
droplet’s  detachment  from  the  capillary.  The  Doppler 
signal  shows  a  strong  periodic  frequency  modulation.  In 
Fig.  1 1  the  corresponding  simulation  results  which  were 
obtained  from  the  mathematical  modeling  of  the 
oscillating  droplet  shape  according  to  Fig.  10  in 
combination  with  ray  tracing  computations  based  on 
geometrical  optics  are  presented. 


Fig.  9:  Burst  signal  produced  by  a  rising  toluene  drop  in 
water  and  results  of  time-resolved  signal 
processing. 

A  satisfying  agreement  between  theoretical  and 
experimental  results  can  only  be  reached  by  a  combination 
of  the  two  basic  types  of  oscillation  according  to  Fig.  10, 
where  the  amplitude  of  the  type  B  oscillation  is  chosen  six 
times  larger  than  the  amplitude  of  the  type  A  oscillation 


32.3.6 


and  the  volume  V=n  d<?/6  (de  =2.5  mm)  is  constant 
(Lehmann  et  al.  1998): 

dJ2  =  1250  pm  +  10  pm  cos(8rc  z  /  LJ  , 
b2  =  dJ2  +  60  pm  cos(8rt  z  /  LJ  , 
bi  =  dv-b2. 

The  variable  ‘z’  represents  the  position  of  the  droplet 
which  moves  with  constant  velocity  along  the  vertical  axis 
(z-axis)  and  is  the  length  which  is  covered  by  the 
droplet  during  the  sampling  period. 


type  A 

=  b2 

type  B 

b,  +  b2=  const. 
V  =  const. 

V  =  const. 

dh=  const. 

0 

0 

o 

© 

o 

0 

o 

0 

6 

0 

Fig.  10:  The  double  semi-ellipsoid  shape  (Clift  et  al. 

1978)  and  basic  types  of  droplet  oscillation. 

If  a  pure  centre  of  gravity  oscillation  (type  B)  is 
assumed  the  Doppler  signal  in  the  time  domain  and  the 
frequency  modulation  are  in  agreement  with  the 
experimental  observation,  but  the  PDA-phase  difference 
does  not  show  any  significant  temporal  changes. 
Furthermore,  if  an  oblate  /  prolate  oscillation  (type  A)  is 
assumed,  an  opposite  time-frequency  behaviour  can  be 
observed  and  a  rather  large  periodic  phase  difference 
modulation  results. 

In  Fig.  9  and  11  both,  the  experimental  and  the 
simulated  signals  show  the  same  sinusoidal  frequency 
modulation.  In  addition,  the  phase  difference  modulation 
in  Fig.  9  is  in  accordance  with  the  ray  tracing  result 
denoted  as  'Theoret.  Result’  in  Fig.  11.  The  ray  tracing 
result  agrees  also  with  the  result  of  signal  processing 
obtained  from  the  simulated  Doppler  signals. 

With  this  background  the  results  of  time-frequency 
analysis  presented  in  Fig.  5,  6,  8,  and  9  allow  to 
determine  characteristic  parameters  describing  particle 
deformation  and  acceleration.  The  sampling  frequencies 


for  the  experimental  situations  corresponding  to  Fig.  4-6, 
Fig.  8  and  Fig.  9  are  given  in  Tab.  2. 


Fig.  11:  Simulation  results  obtained  from  mathematical 
modeling  of  an  oscillating  toluene  drop  in  water 
(combination  of  oscillation  types  A  and  B)  and 
ray  tracing  computations  to  simulate  PDA 
bursts. 

Tab.  2:  Sampling  frequencies  corresponding  to  different 


experimental  situations. 


Fig.  4-6 

Fig.  8 

Fig.  9 

Sampling  Frequency 
[MHz] 

0.012 

3.75 

0.054 

5.  DISCUSSION 

In  the  previous  sections  frequency  estimation 
procedures  and  several  methods  for  a  time-resolved  LDA 
signal  analysis  have  been  investigated.  The  results  have 
shown  that  FFT-based  methods  provide  a  high  accuracy 
in  both  cases,  the  determination  of  a  unique  Doppler 
frequency  of  a  stationary  signal,  and  the  determination  of 
instantaneous  frequencies  in  cases  of  non-stationary 
Doppler  signals,  which  appear  when  particles  are 
accelerated  or  droplets  change  their  shape. 

The  recursive  STFT  algorithm  presented  in  the  latter 
context  offers  considerable  benefits: 

•  a  satisfying  accuracy  even  in  the  presence  of  noise, 

•  a  reduced  computational  effort  and  thus  realtime 
capabilities, 

•  the  computation  of  time-resolved  PDA  phase 
differences  when  required. 
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With  respect  to  future  applications  of  LDA  and  PDA 
these  features  may  be  utilized 

•  to  obtain  more  information  from  LDA  signals  and, 
as  a  consequence,  to  increase  the  accuracy  of  flow 
measurements  without  instrumental  modifications 

•  to  check  the  sphericity  assumption  of  the  PDA 
principle  and  to  extend  the  range  of  application  of 
the  PDA  technique  since  the  quantitative  analysis  of 
droplet  oscillations  finally  leads  to  the  viscoelastic 
properties  of  the  particle  system  under 
investigation. 
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ABSTRACT 

We  present  the  application  of  the  quadrature  demodulation 
technique  (QDT)  for  advantageously  Doppler  frequency 
determination.  The  QDT  allows  to  measure  low  frequency 
burst  signals,  having  also  less  than  one  signal  period. 
Therefore  small  velocities  can  be  time-resolved  measured 
in  the  base  band.  This  contribution  presents  a  detailed 
investigation  of  the  QDT  properties  like  the  frequency 
measuring  error  in  dependence  of  e.g.  the  signal-to-noise- 
ratio  and  the  signal  frequency.  In  order  to  achieve  a  high 
data  rate  of  the  QDT,  digital  signal  processors  can  be 
employed. 


1.  INRODUCTION 

Several  signal  processing  techniques,  like  Fourier 
processors  or  zero  crossing  counters,  are  to  date  available 
for  the  laser  Doppler  velocimetry  (LDV),  see  e.g. 
Shinpaugh  et  al.  (1992),  Tropea  (1995).  However,  one 
challenge  is  still  the  time-resolved  measurement  of  low 
Doppler  frequencies.  Using  for  example  zero  crossing 
counters,  a  precision  frequency  determination  requires  a 
great  number  of  signal  periods,  since  the  occurring  periods 
within  the  measuring  time  interval  directly  determine  the 
possible  number  of  measuring  values.  The  measuring  error 
of  the  fast  Fourier  transformation  (FFT)  signal  processing 
technique  is  also  dependent  on  the  signal  period  number. 
The  reason  is  mainly  the  leakage  effect  of  the  FFT,  which 
results  in  a  high  systematic  frequency  error.  In 
consequence,  both  signal  processing  techniques  did  not 
allow  a  time-resolved  measurement  of  low  signal 
frequencies.  One  method,  used  to  solve  these  problems  is 
adding  of  a  auxiliary  carrier  frequency  fc  to  the  Doppler 
signal  frequency  fD,  so  that  the  resulting  LDV  signal  has  a 
sufficient  period  number  n=(fc+fD)At  in  the  observed  signal 
time  interval  At.  This  method  is  known  as  fringe  biasing, 
referred  to  the  enhancement  of  the  resulting  fringe  number, 
crossed  by  the  scattering  particle.  The  fringe  biasing  can  be 
realized  e.g.  by  using  of  two  Bragg  cells,  having  a  slightly 
different  frequency  shift  or  by  a  down-mixing  of  the 
frequency-shift  LDV  measuring  signal  with  a  reference 
oscillator  signal,  having  a  small  offset  of  e.g.  1  kHz 
compared  to  the  high  carrier  frequency.  However,  these 
techniques  need  two  very  stable  oscillators,  having  neglect 
short  time  jitter  and  frequency  drift,  since  also  a  small 
change  of  the  carrier  frequency  can  result  in  a  great 


measuring  error  of  a  low  Doppler  frequency.  Furthermore, 
the  adaptation  of  the  carrier  frequency  for  Doppler  signals, 
having  a  frequency  change  is  problematically. 

In  this  contribution  we  demonstrate  that  the  recently 
developed  quadrature  demodulation  signal  processing 
technique  (QDT),  Czarske  et  al.  (1993),  can  overcome 
these  drawbacks.  The  QDT  allows  real-time  directional 
Doppler  frequency  measurements  nearly  independent  on 
the  signal  period  number,  so  that  also  small  velocities  can 
be  determined  in  the  base  band.  The  operation  of  the  QDT 
in  the  base  band  eliminates  the  mentioned  problems  of  the 
fringe  biasing,  like  the  need  of  a  stabile  carrier  frequency. 
Hence,  the  QDT  enables  the  realization  of  novel  directional 
LDV  schemes,  using  advantageous  laser  sources,  see  e.g. 
Muller  et  al.  (1994),  Czarske  (1996).  The  QDT  is  based  on 
the  determination  of  the  phase  time  function  of  the 
generated  quadrature  signal  pair.  Hence  it  anticipates  the 
interferometrical  principle  of  LDV  systems,  meaning  that 
the  phase  is  directly  proportional  to  the  position  of  the 
scattering  particle  in  the  measuring  volume.  Therefore  the 
QDT  allows  a  direct  access  to  complex  particle 
movements,  caused  e.g.  by  turbulent  flows  or  sound  waves. 
An  alternative  method  for  the  frequency-time  analysis  is 
the  Wigner-Ville  transformation  (WVT),  which  is  based  on 
an  iteration  formalism.  However,  the  WVT  does  not  allow 
real-time  measurements,  requires  a  high  memory  effort  and 
has  systematic  frequency  errors  caused  by  the  iteration 
procedure,  see  Strunck  et  al.  (1996). 

The  advantages  of  the  QDT  should  be  briefly  addressed  as 
follows:  (i)  An  on-line  Doppler  frequency  measurement  is 
possible,  since  the  QDT  does  not  need  an  iteration 
procedure,  (ii)  The  QDT  is  a  maximum-likelihood 
estimator,  reaching  the  Cramer-Rao  (CR)  lower  uncertainty 
bound  in  contrast  to  zero  crossing  counters.  In  comparison 
with  the  FFT  the  need  of  window  functions  is  not 
necessary.  Additionally,  the  complicated  center  frequency 
interpolation  between  the  discrete  frequency  values  of  FFT 
spectrum  can  be  saved,  (iii)  Directional  discrimination  in 
the  base  band,  so  that  the  effort  for  the  generation  of  a 
stabilized  carrier  frequency  can  be  saved.  Thus,  novel 
optical  schemes  for  LDV  systems  can  be  realized,  e.g.  the 
use  of  novel  laser  sources  for  a  direct  carrier  frequency 
generation  without  having  to  use  any  additional  frequency 
shift  elements,  see  e.g.  Czarske  et  al.  (1997).  (iv) 
Measurement  of  low  velocities  in  the  base  band.  The  access 
to  the  position  time  function  of  the  scattering  particle 
enables  accurate  measurements  of  slow  motions,  e.g.  the 
velocity  zero  can  be  measured  by  the  QDT  as  a  constant 
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phase  time  function,  (v)  Accurate  frequency  determination 
of  LDV  burst  signals,  having  only  a  few  periods  or  a 
fraction  of  one  period,  which  was  first  demonstrated  by 
Muller  et  al.  (1995).  The  signal  phase  can  be  determined  in 
principle  independently  of  signal  period  numbers.  In 
consequence,  also  scattering  particles  moving  nearly 
parallel  to  the  fringe  system  can  be  measured,  which  occurs 
e.g.  in  complex  multiple-dimensional  fluid  flows,  (vi)  Time 
resolved  measurement  of  frequency  modulated  LDV 
signals,  occurring  e.g.  due  to  velocity  gradients  in  the 
measuring  volume.  The  QDT  allows  to  determine  the 
momentary  Doppler  frequency  as  derivative  of  the  signal 
phase,  so  that  the  time  frequency  distribution  is  directly 
available. 

These  referred  features  of  the  QDT  should  be  illuminated 
in  this  paper.  One  aim  is  to  investigate  the  Doppler 
frequency  measuring  error  in  dependence  on  different 
signal  parameters  like  SNR  and  period  number. 
Furthermore  we  will  present  a  technical  realization  of  the 
QDT,  which  is  based  on  a  digital  signal  processor  (DSP). 


the  fluid  flow  corresponds  to  the  sign  of  the  phase 
difference.  The  quadrature  signal  pair  can  be 
generated  by  different  phase  shift  methods  according 
to  Czarske  (1996):  (i)  Mathematical  calculation  of  the 
phase  shift,  e.g.  by  using  the  Hilbert  transformation, 
(ii)  Using  an  optical  phase  shift  between  two 
generated  fringe  systems,  (iii)  Electrical  phase  shift 
generation:  Directional  heterodyne  LDV  systems 
generally  have  a  constant  carrier  frequency,  which 
easily  allows  the  realization  of  a  constant  quadrature 
phase  shift,  e.g.  by  using  a  simple  delay  line,  a  LC 
circuit  or  a  PLL  oscillator.  Down  mixing  of  the  in¬ 
line  and  the  quadrature  carrier  signals  with  the  carrier 
frequency  Doppler  signal  results  in  a  quadrature 
signal  pair,  laying  in  the  base  band,  see  Fig.  2.  The 
necessary  components  like  mixers  and  low  pass  filters 
are  commercially  available  at  low  cost,  e.g.  from  the 
company  mini-circuits. 


2  INVESTIGATIONS  ON  THE  QUADRATURE 
DEMODULATION  TECHNIQUE  (QDT) 

2.1  Principle  of  the  QDT 

The  quadrature  demodulation  technique  (QDT)  consists  of 
three  stages  by  Czarske  et  al.  (1993):  (1)  The  generation  of 
a  quadrature  signal  pair,  i.e.  a  sine  signal  and  a  cosine 
signal  (2)  the  time-resolved  determination  of  the  phase 
angle  of  the  signal  pair  and  (3)  the  evaluation  of  the 
determined  phase-time  function,  e.g.  in  order  to  calculate 
the  momentary  Doppler  frequency. 
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Fig.  2  Heterodyne  LDV  system,  used  for  the  generation 
and  demodulation  of  the  quadrature  signal  pair 
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Fig.  1  Quadrature  signal  pairs,  given  for  opposite  moving 
directions  of  the  scattering  particle. 


(1)  Signal  generation:  The  quadrature  signal  pair  is  given 
by  two  signals  aj(t),  a2(t)  having  the  same  amplitude 
A(t)  and  a  phase  difference  of  <k(tM>i(t)=  ±90°,  so 
that  one  can  say  the  signals  are  in  quadrature.  They 
can  be  described  as  a  complex  signal  in  Cartesian 
coordinates  as  well  as  in  polar  coordinates:  a(t)=  ai(t) 
+  i  a2(t)  =  A(t)  [cosMO  +  i  cosfoft)]  =  A(t)  [cos4>(t)  ± 
i  sin<(>(t)]  =  A(t)  exp  [i  <K03,  where  the  common  phase 
angle  $(t)  is  set  to  0i(t)  and  is  given  by  (t)(t)=2rrfDt.  In 
Fig.  1  the  quadrature  signal  pair  is  shown  for  opposite 
velocity  directions.  As  can  be  seen,  the  direction  of 
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Fig.  3  Measured  quadrature  signal  pair.  A  straight 

regression  line  was  fitted  to  die  phase  time  curve. 

(2)  Phase  measurement:  The  phasor  a(t)  of  the 
quadrature  signal  pair  is  running  on  a  spiral  Lissajous 
figure  (see  Fig.  1),  where  the  phase  angle  is  given  by 
the  following  expression: 

<|>(t)=arctan  {Im[a(t)]/Re[a(t)]}= 
arctan{  [A(t)sin<t>(t)]/[A(t)cos<(>(t)] } .  (1) 

This  formula  can  be  implemented  by  e.g.  digital  polar 
coordinate  transformers,  see  Fig.  2.  Since  the  phase  is 
a  relative  value,  the  incremental  counting  of  the 
period  number  of  the  LDV  signal  is  necessary.  The 
resulting  unwrapped  signal  phase  <j)(t)  is  directly 
proportional  to  the  position  x(t)  of  the  scattering 
particle: 

4>(t)=2ir  x(t)/d  (2) 

where  d  is  the  fringe  spacing  of  the  fringe  system  in 
the  measuring  volume. 

(3)  Phase  evaluation:  The  determined  phase  time 
function  can  be  evaluated  by  different  methods,  given 
e.g,  in  Boashash  (1992).  Using  e.g.  a  simple 
differentiation  of  the  phase,  the  momentary  Doppler 
frequency  is  directly  achieved.  The  occurring 
fluctuations  of  the  frequency  can  be  reduced  by  a 
smoothing  of  the  phase  differences  or  the  fitting  of  a 
regression  curve  to  the  phase  time  function  (see  Fig. 
3).  The  resulting  coefficients  of  the  regression  curve 
correspond  to  the  spectral  moments  of  the  burst  signal 
like  center  Doppler  frequency  and  mean  Doppler 
frequency  change,  which  are  proportional  to  the  mean 
velocity  and  mean  acceleration,  respectively,  of  the 
scattering  particle  movement  through  the  measuring 
volume. 
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Fig.  4  Comparison  between  the  real  FFT  and  the  QDT  for 
low  period  burst  signals.  The  different  bursts  can 
be  generated  according  to  Muller  et  al.  (1995)  by 
a  tilted  flow  direction  with  respect  to  the  fringe 
system  in  the  measuring  volume. 

2.2  Determination  of  the  frequency  measuring  error 

We  have  investigated  the  systematic  and  statistical 
measuring  error  of  the  QDT  and  the  FFT  signal  processing 
technique.  First  the  systematic  measuring  error  in 
dependence  on  the  available  period  number  will  discussed. 
In  Fig.  4  the  FFT  spectrum  and  the  QDT  phase  curve  are 
shown  for  burst  signals,  having  different  period  numbers. 
As  can  be  seen,  burst  signals  with  low  period  number  have 
a  FFT  spectrum  with  an  asymmetrical  line  and  a  DC  offset. 
In  consequence,  the  center  frequency  determination 
exhibits  a  systematic  deviation.  In  Fig.  5  the  measuring 
error  is  shown  in  dependence  on  the  signal  period  number. 
Using  the  FFT  without  time  signal  windowing  (rectangular 
window)  the  leakage  effect  results  in  a  high  systematic 
measuring  error  for  a  not  whole  and  small  period  number. 
This  measuring  error  can  be  significantly  reduced  by  a 
signal  windowing,  e.g.  by  the  Hanning  window,  see  Fig.  5. 
However,  at  least  two  signal  periods  are  necessary  for  a 
precise  FFT  frequency  estimation.  In  contrast  to  this 
familiar  result,  the  measuring  error  of  the  QDT  is  in 
principle  independent  on  the  period  number,  since  the  QDT 
is  based  on  the  determination  of  a  phase  time  curve  and  the 
phase  value  uncertainty  is  not  influenced  by  the  period 
number,  see  equation  (2)  and  Fig.  4.  However,  a  technical 
realization  of  the  QDT  has  only  a  limited  phase  resolution 
due  to  the  quantization  process.  This  influences  the 
frequency  measuring  accuracy,  since  the  phase  regression 
line  flips  between  the  available  quantization  steps.  In  Fig.  5 
the  systematic  measuring  error  in  dependence  on  the 
periods  with  the  amplitude  quantization  bit  number  as 
parameter  is  outlined.  Assuming  a  typical  8  bit  resolution 
of  the  two  digitized  quadrature  signals,  the  signal  frequency 
can  be  accurately  determined  also  for  time  intervals  with 
only  1/100  periods.  Consequently,  low  fluid  velocities  can 
be  time-resolved  measured  in  the  base  band,  e.g.  velocities 
down  to  v=d*f=50|im/s  can  be  measured  in  short  time 
intervals  of  1ms,  assuming  a  fringe  spacing  of  d=5pm  in 
the  measuring  volume  of  the  differential  LDV  system. 
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Fig.  5  Center  frequency  systematic  measuring  error  against 
period  number.  (Lab VIEW  simulation:  512 
samples,  Is  time  interval  duration,  real  FFT  with 
interpolation  by  seven  point  arithmetic  mean 
calculation). 

Hence,  fluid  flows  with  small  velocity  fluctuations  at  short 
time  scales  can  be  measured  by  QDT.  Furthermore  burst 
signals,  having  small  period  numbers  due  to  a  fluid  flowing 
almost  perpendicular  to  the  LDV  sensitivity  vector  can  be 
evaluated  as  shown  by  Muller  et  al.  (1997).  This  could 
allow  a  higher  data  rate  for  multiple  dimensional  LDV 
systems. 

Next  the  statistical  measuring  error  of  the  QDT  and  the 
FFT  signal  processing  technique  should  be  compared. 
Generally,  the  statistical  error  Af  of  a  maximum-likelihood 
estimator  is  given  by  the  well-known  Cramer-Rao  (CR) 
bound  according  to  Czarske  (1996): 

Af=V6/(2rcTVSNRVN),  for  N»l,  where  T  is  the  measuring 
i.e.  averaging  time  of  a  quadrature  signal  pair  with 
rectangular  shape,  SNR  is  the  signal-to-noise  ratio  and  N  is 
the  measuring  value  number.  In  Fig.  6  this  formula  is 
compared  with  the  simulation  results  of  the  FFT  and  QDT. 
The  FFT  does  not  reach  the  CR  bound.  The  reasons  are 
mainly  the  reduction  of  the  available  signal  power  due  to 
the  used  window  and  interpolation  deviations  between  the 
discrete  frequency  values  of  the  FFT.  The  QDT  reaches  the 
CR  bound,  but  shows  a  phase  demodulation  threshold 
around  a  SNR  of  9  dB.  This  threshold  results  mainly  from 
the  impossibility  of  an  unwrapped  phase  measurement 
when  the  noise  causes  failures  of  the  period  counting.  The 
threshold  can  be  reduced  by  a  smaller  noise  bandwidth  or 
also  by  averaging  procedures  for  the  phase  measurement 
according  to  Boashash  (1992).  This  is  currently  under 
investigation. 


Fig.  6  Center  frequency  statistical  measuring  error  against 
SNR,  where  quantization  noise  is  not 
considered  (Lab  VIEW  simulation:  512 
samples.  Is  time  interval  duration,  complex 
FFT:  average  of  the  center  frequency  amounts, 
calculated  by  seven  point  arithmetic  mean). 


2.3  Investigations  on  the  burst  signal  processing 


In  contrast  to  the  investigation  of  continuous  signals  in  the 
former  section,  the  SNR  of  burst  signals  is  time  dependent 
and  for  long  measuring/averaging  times  there  is  a 
significant  reduction  of  the  SNR.  Hence,  the  optimum 
averaging  time  of  the  burst  signal,  which  corresponds  to  the 
minimum  frequency  error,  needs  to  be  determined.  Fig.  7 
shows  that  at  first  the  error  is  reduced  with  averaging  time, 
since  the  number  of  measuring  values  is  increased.  Then 
the  error  worsens  due  the  reduction  in  SNR  for  long 
averaging  times.  The  optimum  averaging  time  is  given 
approximately  by  the  +/-l/e2  Gaussian  signal  duration, 
assuming  a  shot  noise  limited  measuring  process,  which 
occurs  e.g.  in  APDs.  Furthermore,  it  was  assumed  that  the 
SNR  is  only  dependent  on  the  averaged  power  of  the 
quadrature  signal  pair.  Hence,  the  change  of  the  SNR 
within  one  signal  period  is  neglected.  It  should  be  noticed 


Fig.  7  Center  frequency  statistical  measuring  error  of 

Gaussian  burst  signal  against  measuring  time, 
a  assuming  shot  noise  (LabVIEW  simulation:  1/e2 

duration  is  10s,  512  samples,  50  averages, 
smoothing  of  the  resulting  curves).  SNR  values 
given  for  burst  amplitude  maximum. 


Fig.  8  Center  frequency  statistical  measuring  error  of 
Gaussian  burst  signal  against  measuring  time, 
assuming  shot  noise  (LabVIEW  simulation:  1/e 
duration  at  5  a.u.,  512  samples,  30  dB  SNR  at 
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burst  amplitude  maximum,  real  FFT,  i.e.  only  the 
cosine  signal  is  used). 

that  the  theoretical  curves  (derived  from  Czarske  (1996)) 
are  in  very  good  agreement  with  the  simulation  curves.  The 
discrepancy  for  long  averaging  times  is  caused  by  the 
demodulation  threshold,  which  was  not  taken  into  account 
in  the  theory.  Assuming  a  dominance  of  thermal  noise,  the 
optimal  averaging  time  was  determined  to  be 
approximately  the  1/e  Gaussian  signal  duration. 

In  Fig.  8  the  dependence  of  the  FFT  measuring  error  on  the 
averaging  time  is  shown.  In  contrast  to  the  conventional 
QDT  (where  a  regression  of  not  weighted  phase  values  is 
accomplished)  the  measuring  error  of  the  FFT  converges 
for  great  measuring  times  asymptotically  to  a  straight  line 
of  fixed  value.  These  different  behaviors  results  from  the 
time  domain  and  frequency  domain  signal  processing  of  the 
QDT  and  FFT,  respectively.  Uncertain  measuring  values 
could  have  a  strong  influence  on  the  measuring  result  of  the 
time  domain  signal  processor.  Besides  the  QDT  these  could 
be  observed  also  at  counters,  see  Ruck  et  al.  (1995).  In 
consequence,  the  measuring  time  interval  has  to  limited, 
e.g.  to  the  +/-l/e2  burst  duration.  Alternatively,  a  weighted 
linear  regression  can  be  accomplished,  where  the  phase 
values  are  weighted  inversely  to  their  variance,  according 
to  Czarske  (1996).  Hence,  then  uncertain  measuring  values 
have  a  reduced  influence  on  the  center  frequency 
determination,  so  that  the  measuring  error  is  reduced,  as 
can  be  seen  in  Fig.  8. 
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Fig.  9  Scheme  for  the  implementation  of  the  QDT. 


(DSP)  is  one  way  for  a  QDT  implementation,  having  a  high 
data  rate.  In  Fig.  10  the  features  of  the  employed  DSP  card 
TMS320C50  are  given. 
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Fig.  10  80MHz  DSP  card  with  two  synchron  ADU  (12bit, 
600kS/s),  two  synchron  DAU  (12bit,  >150kS/s), 
one  128kWorte  RAM/Flash-ROM,  one  universal 
timer  and  on-board  programmable  PLD. 


3.  IMPLEMENTATION  OF  THE  QUADRATURE 
DEMODULATION  TECHNIQUE  (QDT) 

In  Fig.  9  the  scheme  for  a  realization  of  the  QDT  is  shown. 
The  incremental  phase  values  can  be  generated  by  different 
methods,  e.g.  by  using  a  RAM  table.  Together  with  a 
detection  of  signal  periods,  e.g.  by  determining  the  2ti 
phase  jumps,  the  unwrapped  phase  is  achieved.  The 
determined  phase  is  the  primary  information  about  the 
movement  of  the  scattering  particle.  These  information  can 
be  extracted  from  the  phase  time  series  by  different 
methods,  see  e.g.  Boashash  (1992).  One  possibility  is  the 
calculation  of  spectral  moments  on  the  LDV  burst  signal, 
like  center  frequency,  average  chirp  frequency  change,  etc., 
which  corresponds  to  the  averaged  velocity,  acceleration, 
etc.  of  the  scattering  particle  in  the  measuring  volume. 
Based  on  a  polynomial  regression  of  the  phase  the  spectral 
moments  can  be  accurately  determined.  However,  a 
multiple-parameter  regression  requires  a  high 
computational  effort.  The  use  of  digital  signal  processors 


time  [s] 


Fig.  1 1  Measuring  result  of  the  DSP-QDT.  The  quadrature 
signal  pair  was  generated  by  an  arbitrary  signal 
generator  (LeCroy  LW420).  The  generated  chirp 
frequency  modulation  of  the  burst  signal  results  in  a 
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quadratic  phase  curve,  which  can  be  evaluated  e.g. 
by  a  second-order  regression. 

Although  this  low-cost  DSP-QDT  processor  (card  prize 
about  $500)  was  originally  planed  only  for  a  first  concept 
study,  it  reaches  data  rates  around  100Hz  for  complex 
regression  procedures.  Fig.  11  shows  a  first  experimental 
result  of  this  DSP-QDT. 


4.  CONCLUSIONS 

We  have  presented  investigations  into  the  QDT,  that  verify 
the  in  chapter  I  listed  potential  advantages  of  the  QDT  for 
the  processing  of  LDV  signals,  (i)  High  data  rate  signal 
processing  possible:  A  miniaturized  QDT  processors,  using 
a  digital  signal  processor  (DSP)  was  realized.  This  DSP- 
QDT  allows  the  calculation  of  e.g.  quadratic  regression 
curves  for  the  determination  of  the  center  frequency  and  the 
chirp  frequency  change.  A  high  data  rate  should  be 
achieved  by  floating-point  DSPs  in  the  future.  On-line 
measurements  of  high  Doppler  momentary  frequencies  are 
possible  by  a  QDT,  employing  gate  arrays  or  ASIC  circuits, 
see  Strunck  et  al.  (1996).  (ii)  Low  frequency  measuring 
uncertainty:  The  measuring  error  of  the  QDT  reaches  the 
CR  bound  for  a  SNR  above  the  demodulation  threshold. 
Hence,  the  QDT  is  well  suitable  for  the  processing  of  high 
quality  burst  signals.  The  application  of  the  QDT  for  LDV 
systems,  having  low  laser  and  scattering  light  powers, 
respectively,  requires  the  reduction  of  the  demodulation 
threshold.  This  is  under  work,  (iii)  Directional 
discrimination  in  the  base  band:  Generating  the  quadrature 
signal  pair  by  optical  or  electrical  methods,  see  section  2.1, 
the  sign  of  quadrature  phase  shift  and  therefore  the  sign  of 
the  phase  slope  depends  on  the  flow  direction.  In  contrast 
to  these  methods,  the  use  of  the  Hilbert  transformation  for 
quadrature  signal  pair  generation  did  not  allow  a  directional 
discrimination,  since  the  phase  shift  sign  is  fixed.  Hence, 
the  optical  or  electrical  phase  shift  generation  should  be 
preferred,  (iv)  Low  velocity  measurement  in  the  base  band: 
The  QDT  allows  frequency  measurements  of  LDV  signals, 
having  only  a  fraction  of  one  signal  period.  As  was  shown 
in  section  2.2,  velocity  down  to  e.g.  50pm/s  can  be 
measured  in  the  base  band,  i.e.  without  the  technical  efforts 
of  the  conventionally  used  fringe  biasing.  Hence,  slow 
processes  like  crystal  growing,  see  Jones  et  al.  (1991), 
could  be  an  application  field  of  the  QDT.  (v)  Measurement 
of  bursts,  having  low  period  numbers:  In  complex  fluid 
flows,  scattering  particles  can  pass  the  measuring  volume 
nearly  parallel  to  their  fringe  system.  The  resulting  low 
period  number  bursts  can  be  accurately  processed  by  the 
QDT.  (vi)  Measurement  of  frequency  modulated  bursts:  As 
shown  e.g.  by  Lehmann  (1997)  LDV  bursts  with 
characteristic  frequency  changes  occurs  at  certain 
acceleration  processes  in  fluid  flows.  Furthermore,  the 


LDV  signal  frequency  is  defined  modulated  by  sound  field 
measurements,  see  e.g.  Hann  et  al.  (1997).  The  QDT  allows 
a  determination  of  the  momentary  Doppler  frequency,  so 
that  it  is  well  suited  for  these  application  fields.  Compared 
to  the  short-time  FFT,  the  processing  by  QDT  is  nearly 
independent  on  the  available  period  number,  so  that  a  high 
time  resolution  can  be  achieved. 

In  the  future,  the  signal  processing  by  the  QDT  should  be 
investigated  in  certain  LDV  applications.  Furthermore,  a 
miniature  QDT  processor  with  high  data  rate  of  several 
kHz  should  be  realized  by  a  powerful  DSP. 
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ABSTRACT 

The  measurements  of  velocity  differences  by  Laser 
Doppler  Anemometry  is  highly  contaminated  by  noise 
and  by  the  non-uniform  distribution  of  data  in  time. 
The  aim  of  this  paper  is  to  emphasize  on  which  flow 
scales  the  distorsions  caused  by  these  effects  are 
sensed  and  how  it  is  possible  to  correct  the  data. 
Several  reconstruction  schemes  are  considered:  hold 
and  sampling,  Kalman  and  slotting  technique.  The 
comparison  with  theoretical  predictions  and  data  from 
Hot  Wire  in  a  channel  flow  allows  to  assess 
unambigously  the  validity  of  the  different 
reconstruction  schemes  for  the  present  evaluation. 


1.  INTRODUCTION 

The  Laser  Doppler  Anemometry  (LDA)  is  now  a 
very  well  established  technique  for  the  measurement  of 
flow  velocity.  However,  the  problem  of  reducing  the 
noise  contribution  at  the  high  frequencies  is  still  open. 
The  major  contributions  to  this  noise  derive  from  the 
measurement  volume  size:  it  can  be  minimized,  but  not 
completely  eliminated  (George  and  Lumley  (1973)). 
The  analysis  of  the  Doppler  signal,  detected  by  the 
photomultiplier,  is  also  complicated  by  the  random 
time  arrival  of  the  tracer  particles  in  the  measurement 
volume.  Therefore,  the  statistics  of  LDA  data  is  biased 
from  both  noise  and  non-equispaced  samples 
contributions. 

In  the  past,  several  methods  have  been  suggested  to 
account  for  these  effects  (George  and  Lumley  1973, 
Gaster  and  Roberts  1977,  Buchave  et  al  1979, 
Edwards  1987).  More  recently  the  problem  is 
addressed  towards  the  use  of  conventional  algorithms 
for  noise  reduction  after  interpolation  between  data. 
The  latter  is  performed  using  the  zero-order  ("hold  and 


sampling")  (Adrian  and  Yao  (1986))  and  higher-order 
polynomial  or  even  exponential  interpolators  (Edwards 
(1987),  Benak  et  al  (1993),  Host-Madsen  (1994)).  In 
particular  the  first  is  frequently  used  because  it  is 
simple  and  avoids  bias  errors  on  the  derived  statistical 
quantities  (Benak  et  al  (1993)).  Interpolation  and 
resampling  algorithms  more  sophisticated  than  the  hold 
and  sample,  show  limited  improvements  and 
interpolation  effects  can  give  spectral  slopes  which  can 
be  erroneously  interpreted  as  deriving  from  turbulence 
(Muller  et  al  (1994)). 

Another  point  to  be  considered  is  that,  in  order  to 
avoid  any  contamination  from  the  interpolation 
algorithm,  the  resampling  frequency  must  be  not  larger 
than  the  1/5  of  the  original  mean  sampling  frequency 
(Adrian  and  Yao  (1986)).  Considering  the  Poisson 
arrival  times  statistics  of  tracer  particles,  the  mean 
sampling  frequency  could  be  much  lower  than  the 
maximum  "instantaneous"  particle  arrival  rate.  This 
means  that  the  high  frequency  behaviour  is  lost  when 
doing  equispaced  data  resampling.  This  is  the  reason 
for  demanding  direct  "data  reconstruction"  algorithms. 
Among  them,  the  most  promising  is  the  Kalman 
reconstruction,  which  basically  is  a  filter  self-arranging 
on  the  local  signal  variations  (Benedict  and  Gould 
(1995),  van  Maanen  and  Tulleken  (1996)).  The 
implementation  of  the  method  requires  the 
specifications  of  three  parameters  (basically  the  rms  of 
the  noise  and  of  the  signal  acceleration  and  the 
resampling  frequency):  the  choice  of  such  parameters 
is  crucial  for  the  statistics  of  the  resulting  resampled 
equispaced  signal.  The  two  rms  can  be  determined 
from  considerations  on  the  flow  time  scales  and  on  the 
noise  contribution.  For  the  selection  of  the  resampling 
frequency,  it  should  be  considered  that  usually  the  best 
results  are  obtained  when  it  is  as  high  as  the  maximum 
particle  arrival  rate  of  the  non-equispaced  data 
(Benedict  and  Gould  (1995)). 
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The  objective  of  this  paper  is  to  point  out  how  the 
different  interpolation  and  reconstruction  schemes 
affect  the  results  derived  from  the  LDA  data.  In 
particular,  together  with  the  evaluation  of  statistical 
moments  as  correlation  and  spectral  functions,  the 
attention  is  focused  on  the  moments  of  the  velocity 
difference  between  two  points  separated  by  a  distance  r 
(the  so  called  structure  functions).  This  choice  depends 
not  only  on  the  fundamental  role  of  these  invariant 
quantities  in  the  study  of  turbulence,  but  also  on  the 
fact  that  well  known  theoretical  predictions  over  a 
broad  range  of  flow  scales  have  been  given  for 
structure  functions  (Monin  and  Yaglom  (1971)).  In 
particular  predictions  derived  from  Kolmogorov  theory 
can  be  compared  to  data  in  the  dissipative  range  (r-h, 
where  h  is  the  Kolmogorov  microscale)  and  in  the 
inertial  range  (h«r<<L,  where  L  is  the  integral  scale). 
Departures  from  the  Kolmogorov  theory  have  been 
observed  in  the  inertial  range  due  to  intermittency 
effects  (Frisch  (1995)).  For  this  reason,  also 
experimental  results  from  Hot  Wire  Anemometry 
(HWA)  by  Antonia  et  al  (1997)  are  compared  to  data. 
For  HWA  the  noise  contamination  is  felt  at  very  small 
scales  and  the  non-equispaced  data  effect  is  not 
introduced  The  investigated  flow  is  a  fully  developed 
turbulent  channel  at  low  Reynolds  numbers  for  which  a 
large  amount  of  information  is  available. 


2.  EXPERIMENTAL  SET-UP 

The  flow  field  under  consideration  is  a  fully 
developed  turbulent  channel  flow  filled  with  water. 
Details  of  the  experimental  set-up  are  given  by 
Romano  (1995).  The  coordinates  x,y,z  refer  to  the 
streamwise,  wall-normal  and  transverse  directions 
respectively.  Measurements  are  made  in  the  test 
section  (extending  along  y  =  2  cm  and  z  =  20  cm)  at 
about  160  cm  downstream  of  the  inlet  (x/h  »  80,  where 
h  is  the  channel  half-height).The  flow  is  seeded  with 
metal  coated  particles  (particle  size  equal  to  4  mm, 
that  is  0.04  h).  The  Kolmogorov  length  scale  h  and  the 
corresponding  time  scale  h!U\  (where  f/j  is  the  local 
mean  velocity)  are  derived  from  the  DNS  results  by 
Antonia  et  al  (1991)  at  nearly  the  same  Reynolds 
number.  An  asterisk  will  indicate  normalization  by 
such  Kolmogorov  scales. 

Data  are  taken  at  different  distances  from  the  wall 
(from  y+=10  to  y+=200,  where  +  denotes 
normalization  by  friction  velocity  u*  (equal  to  2.1  cm/s 
at  y+=200)  and  kinematic  viscosity)  and  at  different 
Reynolds  number  (from  1500  to  5000  based  on  the 
half  channel  height  and  bulk  velocity).  The  LDA 


system  works  in  forward  scatter  using  a  BSA  for  signal 
analysis  (mean  data  rate  /q=3  kHz).  About  1.5  TO 
samples  are  collected  at  each  point  (velocity  and 
arrival  time).  For  the  present  system,  the  estimated 
lower  bound  for  the  variance  of  the  frequency 
estimator  is  less  than  0.05  Hz,  corresponding  to  a 
relative  error  on  the  smaller  measured  frequency  of  ± 
0.05%  (Tropea  (1993)).  These  severe  requirements  are 
necessary  for  the  present  investigations.  Results  are 
compared  to  equispaced  HWA  data  in  a  similar 
channel  (Reynolds  number  »  3300)  by  Antonia  et  al 
(1997). 


3.  DATA  ANALYSIS 

The  quality  of  the  LDA  measurements  can  be 
obtained  by  considering  the  mean  data  density 
defined  as  the  ratio  between  the  integral  time  scale  and 
the  mean  valid  data  interarrival  time  (inverse  of  valid 
data  rate):  N^T^/At  (sometimes  this  data  density  is 
defined  using  Taylor  microscale  rather  than  integral 
time  scale).  A  general  criterion  to  avoid  velocity  bias 
errors  is  to  mantain  the  parameter  Np)  as  high  as 
possible  (say  larger  than  5  using  Taylor  microscale) 
(Edwards  (1987)).  Benak  et  al  (1993)  reported  that  Njy 
must  be  greater  than  15-20  to  avoid  errors  due  to  bias 
towards  positive  time  lags  in  correlation  functions.  In 
the  present  measurements,  Nq  is  always  larger  than  70 
(using  integral  time  scale)  and  larger  than  20  (using 
Taylor  microscale):  velocity  and  correlation  bias  errors 
are  avoided  by  this  selection. 

At  first,  acquired  velocity  and  arrival  time  data  are 
resampled  at  the  mean  data  rate  (/q=3  kHz)  to  obtain 
equispaced  set  of  data  by  using  zero-order 
interpolation  (hold  and  sampling  method).  Adrian  and 
Yao  (1987)  have  shown  that  a  "step"  noise  is 
introduced  by  such  interpolation.  Nevertheless,  given 
the  high  data  rate  of  the  present  measurements,  this 
source  of  noise  is  less  than  the  noise  from  Doppler 
broadening,  and  it  is  sensed  at  frequencies  hundreds  of 
Hz  over  the  maximum  detected  frequency  (Romano 
(1995)).  Conventional  algorithms  are  applied  to  the 
equispaced  data  to  compute  time-correlation 
coefficients  and  auto-spectral  power  density  functions. 

The  second  resampling  algorithm  is  the  Kalman 
reconstruction  (examples  from  hold  and  sampling  and 
Kalman  reconstructions  are  given  in  Figure  1).  The 
selection  of  the  rms  of  the  noise  is  based  on  the 
evaluation  of  the  spike  in  the  auto-correlation  function 
(determined  by  the  hold  and  sampling  procedure). 


32.5.2 


time  ( s ) _ 

Fig  1.  Time  history  of  velocity  (in  cm/s)  from  hold  and 
sampling  (top)  and  from  Kalman  reconstruction 
(bottom):  7?e=4500,  y+=20. 


Fig  2.  Velocity  auto-correlation  function  as  a  function 
of  time  delay  x*2  (normalized  by  Kolmogorov  scale)  at 
y+=20  and  Re  =  3500.  The  straight  line  fit  to  the  data 
is  used  to  evaluate  signal  and  noise  contributions. 


The  separation  of  the  noise  and  signal 
contributions  is  obtained  by  plotting  the  auto¬ 
correlation  function  vs  the  square  time  delay  and  by 
fitting  this  plot  with  a  line  (Romano  et  al  (1997)). 
Recalling  that,  for  a  stationary  flow,  a  second-order 
Taylor  series  expansion  about  t  =  0  leads  to: 


u(t)u(t+  T)~  u2(t)- 


Therefore,  the  extrapolated  linear  fit  to  the  measured 
data  vs  t2  intercepts  the  vertical  axis  at  a  point  which 
represents  the  true  or  correct  value  of  the  signal  mean 
square  value.  The  correction  procedure  is  shown  on 
Figure  2,  for  the  data  at  y+  =  20:  the  noise  spike  close 
to  the  origin  is  evident.  The  mean-square  noise  term  is 
about  1.5%  of  the  total  mean-square  value.  Similarly, 
proceeds  the  evaluation  of  the  rms  of  the  acceleration, 
s.  It  is  basically  given  by  (Benedict  and  Gould  (1995)): 

<7=  a°=  <3?/rEYl 

where  u'2  is  the  variance  of  the  velocity  signal 
(determined  before)  and  tg  is  the  Taylor  microscale. 
The  resampling  frequency  is  selected  from  the  mean 
data  rate,/p,  up  to  3/q. 


From  the  reconstructed  signals,  for  stationary 
conditions,  the  n^-order  temporal  structure  functions 
are  evaluated  as  the  moments  of  the  difference  between 
the  velocity  at  time  t  and  t+t: 


8un(z)=  \ju(t)~  u(t+  T)J 

Wherever  Taylor's  hypothesis  is  verified  (at  least  dovfig) 
to  y+=15)  this  relation  can  be  interpreted  as  equivalent 
to  that  in  space. 


4.  EXPERIMENTAL  RESULTS 

When  considering  statistical  moments,  the 
comparison  between  data  obtained  from  the  hold  and 
sampling  and  from  the  Kalman  reconstruction  gives  the 
following  results: 

0  the  first  four  moments  of  the  velocity  are  very 
similar  (there  is  a  slight  decrease  in  second  and 
fourth  moment  from  hold  and  sampling  to  Kalman 
data  as  can  be  noticed  in  Table  1); 

°  the  first  four  moments  of  the  velocity  derivative 
are  strongly  different  (the  variance  of  the  Kalman 
reconstruction  is  more  than  10  times  lower  than 
that  from  hold  and  sampling  as  given  in  Table  1); 
the  value  obtained  for  the  variance  of  the  velocity 
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derivative  gives  (dif  /3x+/»7'10~4,  using  Taylor's 
hypothesis,  which  is  close  to  the  corresponding 
DNS  ((3uV9x+/»1.7'10~3)  and  HWA  values 
((9t/78x+/»1.5'10-3).  The  evaluation  of  the  same 
quantity  from  the  hold  and  sampling  data  gives 
(dlf  / dx*f  »9 ' 1 0'2,  a  value  which  is  clearly  in 
error  due  to  noise; 

°  correlation  and  spectral  functions  from  Kalman 
reconstruction  do  not  show  the  same  noise  at  small 
delay  and  large  frequencies  noticed  from  the  data 
from  hold  and  sampling  (as  in  Figure  2).  In  Figure 
3  an  example  of  auto-correlation  function  is  given: 
when  the  data  are  plotted  vs  t^  (as  in  the  second 
figure),  some  deviation  from  the  linear  trend  is 
still  observed  near  zero  delay. 

These  results  slightly  depend  on  the  resampling 
frequency  (there  is  a  3%  difference  between  the 
variances  obtained  by  resampling  at  2/q  and  at  3/q)  and 
much  more  on  the  choice  of  the  rms  of  the  acceleration 
s  (there  is  a  50%  difference  from  s=2s°  to  s=s72).  The 
variances  obtained  with  s=2s°  are  very  similar  to  those 
obtained  from  HWA.  Results  on  the  variance  of  the 
normalized  velocity  derivative  are  summarized  in 
Table  2. 


mean 

rms 

skewness 

flatness 

velocity  (HS) 

8.31 

2.48 

0.42 

1.91 

velocity  (K) 

8.27 

2.38 

0.41 

1.84 

vel.  deriv.  (HS) 

3.14 

520 

0.068 

22.1 

vel.  deriv.  (K) 

2.89 

42.2 

0.526 

4.43 

Tablet.  Velocity  and  velocity  derivative  statistical 
moments  (mean  and  rms  in  cm/s)  from  hold  and 
sampling  (HS)  and  Kalman  reconstruction  (K) 
(resampling  frequency  2/q,  noise  rms  0.4cm/s  and 
acceleration  rms  s»s°=184  cm/s2):  y+=20,  Re= 3500. 


(du+/dx+f 

DNS 

3H0-4 

hold  and  sampling 

l.l'lO  3 

Kalman  s=s°,  f=2fn 

1.3 '10-4 

Kalman  s=s°/2,  f=2fn 

6.rio-5 

Kalman  s-s°,  f=3fn 

1.3H0-4 

Kalman  s=2s°,  f-3fn 

2.9'10"4 

Kalman  s=2s°,  f=2fn 

2.8'10"4 

Table2.  Variance  of  velocity  derivative  from  Kalman 
reconstruction  using  different  resampling  frequency  / 
and  acceleration  rms  (noise  rms  =  0.32  cm/s):  y+=200, 
Re= 3500. 


To  emphasize  the  effect  of  such  parameters,  in 
Figure  4  the  probability  distributions  of  the  velocity 
differences  for  the  same  data  given  in  table  2  are 
shown.  The  strongly  non-gaussian  behaviour  of  such 
velocity  differences  is  clearly  observed.  In  comparison 
to  the  data  from  hold  and  sampling,  the  Kalman 
reconstruction  is  able  to  avoid  the  noise  contribution 
that  gives  overestimation  of  the  width  of  the 
probability  distribution  (related  to  (dlt /dx'f)- 
However,  the  result  is  strictly  dependent  on  the 
selection  of  the  parameters:  when  the  rms  of  the 
acceleration  is  too  low  (s=s°/2)  the  width  of  the 
distribution  is  even  underestimated  (see  also  Table  2). 


frequency  2/q,  noise  rms  »  0.3  cm/s  and  acceleration 
rms  s»s°=306cm/s2):  /?e=3500,  y+=200. 
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Fig.  4.  Probability  density  distributions  of  velocity 
differences:  hold  and  sampling  and  Kalman  method 
using  different  parameters.  y+=200,  Re= 3500. 


The  results  on  the  velocity  derivative  mostly 
concern  with  the  small  scale  behaviour.  To  investigate 
the  effect  on  the  whole  range  of  scales,  the  comparison 
involves  the  velocity  differences  and  structure 
functions.  In  Figure  5  the  second  and  third  order 
structure  functions,  for  the  data  taken  at  y+=20  and 
i?e=3500,  are  given  together  with  HWA  data  and  with 
theoretical  results  for  the  dissipative  range 

(8un(r)~  t")  and  for  the  inertial  range 

(8un(  T)~  Tn/3)  derived  from  Kolmogorov  theory 
(Monin  and  Yaglom  (1971)).  In  this  case,  the  Kalman 
reconstruction  is  performed  using  a  resampling 
frequency  equal  to  2/q  and  a  variance  of  the 
acceleration  s=s°.  Similar  plots  are  obtained  at 
different  distances  from  the  wall.  It  is  possible  to 
notice  that  the  data  obtained  from  Kalman 
recostruction  very  well  reproduce  theoretical  and 
HWA  behaviours  in  the  dissipative  range.  On  the  other 
hand,  the  deviation  from  hold  and  sampling  data  is 
observed  even  in  the  inertial  range.  This  deviation  is 
dependent  on  the  parameters  of  Kalman  reconstruction 
and  in  particular  on  the  acceleration  rms:  in  Figure  6 
the  results  obtained  with  different  selection  are  shown. 
The  effect  is  emphasized  when  structure  functions  are 
divided  by  (r/h)n:  such  plots  are  given  in  Figure  7. 
From  these  figures  it  is  observed  that  when  the  small 
scales  are  well  reproduced  (as  for  s=s°/2),  the  inertial 
range  behaviour  is  lost. 


Fig  5.  Second  and  third  order  structure  functions  as  a 
function  of  non-dimensional  distance  for  hold  and 
sampling  and  Kalman  reconstruction  (resampling  2/q, 
acceleration  rms  s»s°):  y+=20,  7?e=3500.  Comparison 
with  HWA  data  O  and  Kolmogorov  relations  (dotted 
lines). 

On  the  other  hand,  when  the  small  scale  results  are 
not  completely  satisfactory  (as  for  s=2s°),  the  inertial 
range  is  captured  much  more  better.  This  is  noticed  in 
second-order  and  even  more  in  third-order  structure 
function.  Therefore,  although  the  Kalman 
reconstruction  is  a  very  promising  technique  for  noise 
reduction  in  LDA,  the  effect  on  the  whole  range  of 
scales  depends  critically  on  the  selection  of  the 
parameters  required  by  the  scheme. 
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Fig  6.  Second  and  third  order  structure  functions  as  a 
function  of  non-dimensional  distance  for  "hold  and 
sampling"  and  Kalman  reconstruction:  y+=200, 
f?e=3500.  The  three  curves  for  Kalman  reconstruction 
correspond  to  different  choices  of  the  variance  of  the 
signal  acceleration  compared  to 

(j°=  Qu'2  /  %\  W-  ■  The  resampling  frequency 

is  always  equal  to  2/q.  Comparison  with  theoretical 
Kolmogorov  relations  (dotted  lines). 


function  of  non-dimensional  distance  for  "hold  and 
sampling"  and  Kalman  reconstruction:  y+=200, 
f?e=3500.  The  three  curves  for  Kalman  reconstruction 
correspond  to  different  choices  of  the  variance  of  the 
signal  acceleration  compared  to 

<j°=  Qu'2  /  T2e  K-  .  The  resampling  frequency 

is  always  equal  to  2/q.  Comparison  with  theoretical 
Kolmogorov  relations  (dotted  lines). 
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Moreover,  for  the  present  data,  it  was  not  possible 
to  reproduce  the  theoretical  behaviour  in  both  the 
dissipative  and  inertial  ranges  with  a  given  choice  of 
such  parameters.  The  self-arranging  filter  used  in  the 
Kalman  reconstruction  reproduce  a  behaviour  that  is 
not  the  same  expected  for  the  flow  over  the  entire 
range  of  scales.  From  this  point  of  view,  it  could  be 
questionable  to  derive  information  on  the  structure 
function  properties  from  such  a  recontruction. 

Finally,  a  few  comments  should  be  made  on  the 
evaluation  of  structure  functions  using  another 
promising  algorithm:  the  modified  slotting  technique 
(Tummers  and  Passchier  (1996)),  which  is  derived 
from  the  slotting  technique  described  by  Mayo  (1974) 
and  used  by  Gaster  and  Roberts  (1977)  for  spectral 
estimation.  It  operates  on  the  original  non-equispaced 
samples  by  subdividing  the  time  axis  into  "slots"  and 
directly  computing  the  contribution  to  the  auto¬ 
correlation  function  of  each  pair  of  data  points  whose 
time  separation  falls  within  the  slot.  Its  major 
advantage  is  that  it  does  not  require  any  preliminary 
interpolation  or  filter.  On  the  other  hand,  due  to  the 
reduced  size  of  the  slot,  the  statistical  variability  is 
increased  so  that  in  the  "classical"  version  the 
improvement  at  small  scales  is  not  remarkable.  The 
modification  of  Tummers  and  Passchier  (1996) 
consists  of  normalizing  the  auto-correlation  function  in 
each  slot  by  the  variance  of  the  velocity  computed  only 
in  that  slot.  The  result  for  the  auto-correlation 
coefficient  attains  a  high  quality  and  resolution  at  very 
small  scales  (up  to  1/100  of  the  Taylor  microscale). 
However,  for  the  computations  of  structure  functions, 
the  determination  of  the  correlation  coefficient  is  not 
sufficient  because  correlation  functions  are  required. 
The  latter  can  be  derived  from  the  former  provided  a 
noise-free  variance  can  be  evaluated  from  the  data. 
This  is  possible  only  if  the  procedure  for  the  separation 
of  noise  and  signal  contributions  previously  described 
is  employed  (Romano  et  al  (1997)):  this  fact  limits  the 
usefulness  of  the  slotting  technique  for  the  evaluation 
of  structure  functions.  On  the  other  hand,  the  results 
obtained  without  the  noise  contribution  evaluation  are 
very  similar  to  those  obtained  with  the  simpler  hold 
and  sampling  technique. 

5.  CONCLUDING  REMARKS 

The  possible  procedures  for  evaluating  structure 
functions  from  noisy  LDA  data  are.  Velocity 
increments  are  much  more  difficult  to  estimate  than 
correlation  functions  due  to  noise  contamination.  The 
effect  over  a  wide  range  of  scale  can  be  evaluated  in 


comparison  to  theoretical  results  in  the  dissipative 
(small  scales)  and  inertial  (intermediate  scales)  range. 

The  hold  and  sampling  reconstruction  method 
displays  a  large  contamination  in  the  dissipative  range. 
Almost  independently  on  the  distance  from  the  wall, 
the  effect  of  noise  is  sensed  up  to  r*  »  30  for  temporal 
increments.  Hence,  it  largely  obscures  the  scaling 
behaviour  in  the  small  to  intermediate  scale  interval. 
This  problem  is  particularly  important  when 
performing  scaling  investigations  at  small  Reynolds 
numbers  where  the  useful  scaling  region  is  restricted. 

On  the  other  hand,  the  Kalman  reconstruction 
scheme  suffer  from  drawbacks  (selection  of  parameters 
and  noise  removal)  that  limit  their  use  for  structure 
function  evaluation.  In  particular  it  is  not  possible  to 
select  a  single  value  of  the  free  parameters  of  the 
scheme  able  to  reproduce  the  expected  theoretical 
behaviour  over  the  entire  range  of  scales. 
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ABSTRACT 

A  set  of  34  simulated  data  sets  for  the  testing  of  power 
spectrum  algorithms  for  LDA  data  has  been  created  and  made 
available  at  the  internet  address  http://www-nt.e-technik.uni- 
rostock.de/~nobach/benchm.html.  In  this  paper  the  charac¬ 
teristics  and  diagnostic  intent  of  the  data  sets  are  described,  as 
are  initial  results  from  7  research  groups  who  have  tested  10 
algorithms  using  these  data  sets.  The  results  have  highlighted 
strengths  and  weaknesses  of  the  algorithms  as  well  as  the  test 
cases.  The  initial  results  indicate  that  two  modified  versions 
of  the  slotting  technique,  a  refinement  for  sample-and-hold 
reconstruction,  as  well  as  two  parametric  methods  all  offer 
significant  improvement  over  the  traditional  slotting,  direct, 
and  reconstruction  estimators.  Modifications  to  the  test  cases 
will  be  discussed  with  the  participants  during  the  conference 
in  preparation  for  further  testing. 

1.  INTRODUCTION 

Despite  the  relative  complexity  involved  with  estimating 
power  spectra  from  data  sampled  randomly  in  time,  the  de¬ 
velopment  of  statistical  estimators  and  computational  algo¬ 
rithms  for  calculating  power  spectra  from  laser  Doppler  ane¬ 
mometer  (LDA)  data  began  in  the  early  seventies,  when  the 
LDA  was  still  in  a  stage  of  infancy.  This  pioneering  work 
resulted  in  two  estimators,  the  so-called  “slotting  technique,” 
described  by  Mayo  et  al.  (1974),  Shay  (1976),  Scott  (1974, 
1976),  and  Gaster  and  Roberts  (1975);  and  a  direct  transform 
presented  by  Gaster  and  Roberts  (1977).  Coincidentally, 
most  of  these  researchers  discontinued  their  activity  in  this 
area  shortly  after  this  series  of  publications.  Additionally,  the 
problem  of  velocity  bias,  identified  by  McLaughlin  and 
Tiederman  (1973),  focused  attention  on  simpler  velocity  sta¬ 
tistics,  so  that  the  topic  of  power  spectrum  estimation  for 
LDA  data  was  of  low  priority  for  the  LDA  community  for 
roughly  a  decade. 

In  the  mid  to  late  eighties,  a  gradual  rekindling  of  interest 
took  place  as  investigators  tried  to  use  the  power  spectrum  as 


a  means  to  study  the  small  scales  of  turbulence.  Comparative 
studies  such  as  Srikantiah  and  Coleman  (1985)  and  Tropea 
(1986),  however,  indicated  that  the  early  estimators  possessed 
a  high  degree  of  variance  and  a  susceptibility  to  velocity  bias. 
Adrian  and  Yao  (1987)  also  showed  that  the  age  old  sample- 
and-hold  reconstruction  of  LDA  data  led  to  a  filtered  noise 
effect,  which  obscures  the  high  frequency  portion  of  the 
spectrum. 

At  Veldhoven  in  1993,  the  rekindling  of  interest  quickly 
turned  to  heated  debate  as  the  modem  generation  of  time  and 
frequency  domain  processors  were  shown  not  to  improve  the 
quality  of  power  spectrum  estimates.  Attention  thus  returned 
to  algorithmic  development.  Since  then,  a  number  of  power 
spectrum  estimators  have  been  proposed,  ranging  from  the 
modifications  of  the  slotting  technique  to  noise  filtering  re¬ 
construction  schemes  and  parametric  methods,  such  that  a 
comparative  overview  is  necessary.  Such  comparative  tests 
were  recently  attempted  by  Benedict  and  Gould  (1995), 
Tummers  and  Passchier  (1996a)  and  Britz  and  Antonia 
(1996),  but  it  has  become  evident  that  a  single  research  group 
can  no  longer  implement  and  thoroughly  test  all  of  the  esti¬ 
mators  which  have  been  proposed.  Furthermore,  the  most 
useful  standards  for  comparison  and  necessary  range  of  test¬ 
ing  conditions  has  not  been  clear. 

With  this  in  mind,  the  present  authors  are  developing  a  set 
of  simulated  and  real  benchmark  LDA  data  sets  to  be  used  by 
the  authors  of  power  spectrum  algorithms  in  assessing  the 
relative  performance  of  their  method.  As  a  first  attempt  at 
evaluating  the  effectiveness  of  this  approach,  a  large  number 
of  authors  (>30)  were  invited  to  participate  in  computing 
power  spectra  from  a  wide  variety  of  simulated  data  sets. 
Results  from  7  of  these  authors  have  been  received  and  will 
be  presented  below.  Note  that  no  authors  (with  the  exception 
of  H.  Nobach)  were  aware  of  the  true  underlying  spectrum 
before  commencing. 

The  final  purpose  of  the  paper  is  therefore  to  establish  a 
standard  with  which  new  or  improved  LDA  spectral  estima¬ 
tors  can  be  compared  in  the  future.  Readers  interested  in 
obtaining  details  of  the  benchmark  test  or  the  data  sets  are 
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invited  to  access  the  data  generation  program  at  http://www- 

nt.e-technik.uni-rostock.de/~nobach/benchm.html. 

2.  DEFINITIONS  AND  NOMENCLATURE 

To  this  point  we  have  spoken  generally  of  the  power 
spectrum  as  the  quantity  of  interest.  Here,  however,  we  es¬ 
tablish  terminology  and  mathematical  definitions  of  the 
quantities  of  interest.  Participants  were  asked  to  estimate  the 
one-sided,  autospectral  density  function  (ASDF)  defined  as 


=  4j 
0 

C„„(x)cos(27t/r)4x 

=  j 

2 

J  u(t)  exp(i2nft)dt 

for  the  autocorrelation  with  cosine  transform  or  direct  Fourier 
transform  approaches  respectively.  Here  C„a(x)is  the  auto¬ 
covariance  function  (ACF)  given  by 

C„(T)  =  u{t)u(t  +  x)  =  J  Guu  (/ )  cos(2Jt/t:)d/  (2) 

0 

where  u(t) is  the  fluctuating  velocity,  u(t)=U(t)-U  and  x  is 
the  lag-time. 

To  aid  in  evaluating  results,  participants  were  also  asked 
to  provide  the  autocorrelation  coefficient  function  (ACCF) 
defined  as 


P„„(x) 

P-W 


= J  G„„  (/ )  cos(2nfi)df 
u~  o 

<2,„(x)  =  “(0^  +  T) 

CUB(0) 
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corresponding  to  their  ASDF  estimates.  Also,  quantities  such 
as  the  integral  time  scale,  T„ ,  and  the  Taylor  time  scale,  A„ , 
were  used  as  figures  of  merit  in  the  analysis.  Their  defini¬ 
tions  are  given  below. 
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model,  as  described  in  detail  by  Fuchs  et  al.  (1992).  With 
this  method,  a  primary  time  series  of  evenly  spaced  samples 
with  extremely  high  sample  rate  is  first  generated.  The  de¬ 
sired  spectral  content  is  obtained  by  applying  the  true  spec¬ 
trum  as  a  filter  to  a  Gaussian  distributed  random  noise  se¬ 
quence. 

Particles  are  numerically  seeded  randomly  in  space  and 
convected  through  the  LDA  measurement  volume  with  the 
prescribed  velocity  series  to  yield  a  data  set  consisting  of 
arrival  time  and  velocity  (one  component).  The  data  valida¬ 
tion  rate  (DVR),  N  ,  is  the  particles  per  second  and  the  mean 
data  density  is  given  by 

Nd  =  NT.  =  TJt,„  (6) 

where  x„,  denotes  the  mean  time  between  validated  bursts  , 
i.e.  1 /N . 

Ultimately  the  Nyquist  frequency  of  the  primary  time 
series  determines  the  maximum  frequency  which  any  algo¬ 
rithm  can  hope  to  resolve,  and  round-off  errors  in  the  double 
precision  velocity  estimates  limit  the  number  of  decades  in 
amplitude  which" can  be  calculated.  It  is  imperative  that  the 
Nyquist  frequency  of  the  primary  time  series  be  set  high 
enough  so  as  not  to  artificially  limit  the  performance  of  the 
estimators.  Results  returned  by  the  participants  indicate  that 
the  resolution  of  the  primary  series  was  unfortunately  insuffi¬ 
cient  for  certain  cases  in  these  first  benchmarking  tests,  al¬ 
though,  in  general,  it  was  possible  to  make  a  useful  compari¬ 
son.  Modifications  to  the  simulated  data  sets  will  thus  be 
made  before  testing  continues. 

Simulated  data  are  described  by  number  of  samples,  N, 
and  data  density,  ND .  They  are  divided  into  groups  (of 
which  there  are  3)  and  cases  (34  in  all).  For  each  case,  there 
are  10  data  sets.  Participants  were  asked  to  provide  ASDF 
estimates  for  each  of  the  ten  data  sets  as  well  as  the  average 
ASDF  and  average  ACCF.  The  ASDFs  for  each  case  were 
used  to  calculate  the  statistical  variance  of  the  participants’ 
spectral  estimators. 


General  Characteristics:  U  =  0 ,  u2  =  lm:/s2  ,  N  =250000 
Group  S-l  (one  case) 

Band-limited  random  noise  with  Gaussian  amplitude  distri¬ 
bution  and  a  very  steep  roll-off  at  2000  Hz.  This  flat  spec¬ 
trum  makes  filtering  effects  immediately  obvious,  (primary 
series  DVR:  10  kHz;  Poisson  sampled  DVR:  1  kHz) 


_1_ 

a; 


f2Cml(f)df  (5) 

u'~  0 


3.  DESCRIPTION  OF  BENCHMARK  DATA  SETS 

Simulated  data  sets  have  been  used  exclusively  for  this 
first  round  of  benchmark  testing  since,  for  simulated  signals, 
the  true  spectrum  is  known  an  thus  systematic  errors  (biases) 
can  be  evaluated.  The  techniques  used  for  simulation  are 
well  established  and  tested  and  are  based  on  a  conveyor  belt 


Group  S-2  (24  cases) 

This  group  exhibits  a  Pao-like  spectrum,  which  decreases 
exponentially  (in  log  coordinates)  with  increasing  frequency. 


and  is  given  by 
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where  a  =  0.1 .  There  are  6  basic  cases  for  this  group  as 
specified  in  Table  1.  Further  cases  were  then  created  by 
adding  Gaussian  noise,  one-dimensional  velocity  bias,  or 
both. 

Table  1  Parameters  for  Group  S-2 


Case 

fa 

(Hz) 

c, 

(m2/s2) 

Tu 

(s) 

DVR 

(Hz) 

Prim. 

ND 

Pois. 

DVR 

(Hz) 

Poisson 

tsm 

3 

0.46 

0.115 

100 

0.5 

4.35 

EM 

— 

0.046 

0.0115 

1000 

0.5 

43.5 

HH 

KTiTf 

0.0046 

0.00115 

10000 

0.5 

435 

mm 

KH 

0.46 

0.115 

100 

10 

87 

Em 

MM 

0.046 

0.0115 

1000 

10 

870 

mm 

0.0046 

0.00115 

10000 

10 

Cases  S-2-1  to  S-2-6 

3  different  integral  time  scales  at  2  different  data  densities,  no 
noise  or  velocity  bias. 

Cases  S-2-7  to  S-2- 12 

Same  as  Cases  S-2-1  to  S-2-6  but  with  added  Gaussian  noise. 

By  maintaining  a  constant  u 2  but  changing  the  integral 
scale,  the  signal  to  noise  ratio  (SNR)  is  varied  and  therefore 
tests  an  estimator’s  ability  to  resolve  multiple  decades  in  the 
presence  of  noise 

Cases  S-2-13  to  S-2-18 

Same  as  Cases  S-2-1  to  S-2-6  but  with  one-dimensional  ve¬ 
locity  bias  (i.e.  correlation  between  instantaneous  velocity 
and  particle  rate),  no  noise 

Cases  S-2- 19  to  S-2-24 

Same  as  Cases  S-2-1  to  S-2-6  but  with  noise  and  velocity  bias 
Group  S-3  (9  cases) 

The  spectrum  of  this  data  group  exhibits  a  distinct  peak  at 
/  =  100  Hz  and  is  described  by 


C„„(/)  =  0.256exp10 


r_J_l 

’  100  Hz  J 


+  2.004exp 


(8) 


Cases  S-3-1  to  S-3-3 

N  >  2nfp  ,  N  =  fp  ,  N  =  fp/5  without  noise 


Cases  S-3-4  to  S-3-6 

As  above  but  with  a  low  noise  level 

Cases  S-3-7  to  S-3-9 

As  above  but  with  a  high  noise  level 


A  total  number  of  seven  participants  submitted  results  as 
summarized  in  Table  2.  Before  giving  further  details  regard¬ 
ing  the  algorithm  used  by  each  participant,  a  general  classifi¬ 
cation  will  be  introduced,  as  represented  schematically  in 
Fig.  1 .  Most  techniques  can  be  classified  into  one  of  the  fol¬ 
lowing: 

•  slotting  technique  and  cosine  transform 

•  direct  transform 

•  reconstruction  with  equi-distant  resampling  and  FFT 

In  each  of  the  algorithmic  routes,  additional  steps  (shown  as 
dashed  boxes)  can  be  found,  representing  various  enhance¬ 
ments  made  by  the  participants  to  these  basic  algorithms.  In 
the  following,  the  three  major  algorithmic  procedures  are 
introduced,  and  variations  implemented  by  the  participants 
are  highlighted. 

Table  2  Summary  of  participants  and  methods 


ihsesssm 

Method 

References 

lhalainen 
et  al.  I 

slotting  technique 

Mayo  et  al.  (1974) 

lhalainen 
et  al.  II 

S&H  reconstruction 

Adrian  &  Yao  (1987) 

lhalainen 
et  al.  HI 

linear  reconstruction 

Saarenrinne  et  al. 
(1997) 

lhalainen 
et  al.  IV 

DQSE  method 

Marquadt  and  Acuff 
(1983),  Saarenrinne 
etal.  (1997) 

Nobach  I 

refined  S&H  recon.  with 
noise  suppression 

Nobach  et  al.  (1998) 

Nobach  II 

Nobach  in 

model  parameter  est. 

Muller  et  al.  (1998) 

Rajpal 

Lomb  Scargle  method 

Rajpal  (1995) 

Romano 

S&H  reconstruction 

Adrian  &  Yao  (1987) 

Sree 

slotting  technique 

Mayo  et  al.  (1974), 
Sree (1985) 

Tummers  & 
Passchier 

slotting  technique  with 
local  normalization  and 
variable  window 

Tummers  &  Passch¬ 
ier  (1996a,  1996b) 

van  Maanen 

Parametric 

van  Maanen  & 
Oldenziel  (1998) 

4.  DESCRIPTION  OF  PARTICIPANTS’  ESTIMATORS 
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Fig.  1  Schematic  for  spectrum  algorithms 
4.1  The  Slotting  Technique 

The  slotting  technique,  generally  credited  to  Mayo  et  al. 
(1974),  consists  of  the  following  algorithm  for  estimating  the 
discrete  autocovariance  function, 

m»{y,](M!)  (9) 

“u[  >  //(Mr) 


where  j«m|u,Uy)(Mt)  represents  the  sum  of  all  cross  products 

with  lag  times  falling  in  the  time  interval  (i.e.  slot) 
(k  -  05) At  <  (tj  -ti)<(k  +  0.5)At  ,  //(Mr)  is  the  number  of 

cross  products  falling  within  this  slot,  and  At  is  the  slot 
width.  The  parameter  M  is  the  number  of  slots  and  is  chosen 
by  the  user. 

A  one-sided  ASDF  estimator  is  formed  for  the  slotting 
technique  by  taking  its  discrete  cosine  transform  as  follows. 


G„(/)  =  4At 


1  M"! 

— G„„(0)  +  Xc4Mr)vv(MT)c°s(27i/M-t) 


(10) 


where  w(Mr)  represents  a  discrete  lag  window. 

Sree.  Note  that  the  first  slot  (k  =  0)  in  the  slotting  tech¬ 
nique  is  treated  separately  in  Eq.  (10)  because  its  width  is 
Ax/2  .  Normally,  the  lag  products  falling  within  this  first  slot 
are  ignored  (with  regard  to  biases  arising  from  processor  dead 
times  and  probe  volume  effects)  and  the  sum  of  autoproducts 
is  used  in  place  of  the  sum  of  cross  products.  A  drawback  of 
using  the  autoproducts  is  that  they  include  a  noise  contribu¬ 
tion  which  biases  the  autocovariance  and  ASDF  to  higher 
values.  Sree  thus  using  only  the  cross  products  for  the  first 
slot.  Otherwise  his  approach  is  the  standard  slotting  tech¬ 
nique  and,  referring  to  the  schematic  of  Fig.  1,  follows  the 


path  of  slotting  technique,  autocorrelation  estimate,  cosine 
transform. 

Thalainen  et  al.  I.  The  strategy  of  this  group  was  to  in¬ 
clude  both  autoproducts  and  cross  products  in  the  first  slot. 

Nobach  II.  A  severe  limitation  of  the  standard  slotting 
technique  is  its  high  variance  (roughly  constant  at  high  fre¬ 
quency),  which  leads  to  poor  estimates  of  turbulence  spectra 
at  frequencies  well  below  the  mean  sampling  rate.  In  order  to 
reduce  the  variance  of  the  slotting  technique,  Nobach  em¬ 
ploys  a  lag  products  weighting  scheme  called  the  fuzzy  slot¬ 
ting  technique  and  defined  as 


1- 

^-k 

for 

—  ~k 

At 

At 

0 

otherwise 

This  scheme  allows  lag  products  to  contribute  to  two  slots 
simultaneously  and  weights  lag  products  that  lie  close  to  the 
slot  centers  more  heavily  as  seen  in  Fig.  2. 


Slot  Slot  Slot  Slot 


Fig.  2  Fuzzy  slotting  technique  schematic 


Tummers  &  Passchier.  Another  method  for  reducing 
variance  in  the  slotting  technique  has  been  dubbed  local 
normalization  by  Tummers  and  Passchier  (1996a,  1996b)  and 
van  Maanen  and  Tummers  (1996).  In  this  case,  an  ACCF 
normalized  by  a  variance  estimate  particular  to  each  slot  is 
used  as  the  basis  for  the  cosine  transform.  This  results  in  the 
following  slotting  algorithm 


p„u(Mr 


|k,.M;.}(Mt) 


^sum^u2  j(£Ax  y%um  {“/}N 

and  corresponding  one-sided  ASDF  estimator 


(12) 


G4/)  =  4C„„(0)At 


—  +  ^pu1,(Mt)w(Mt)cos(27i/Mt) 

2  *= i 


(13) 


While  Eq.  12  has  been  shown  to  have  significantly  lower 
variance  for  small  lag  times  than  Eq.  9  normalized  by  Cuu( 0), 
the  variance  at  large  lag  times  is  unchanged;  therefore,  the 
use  of  local  normalization  alone  does  not  lead  to  an  improved 
ASDF.  Tummers  and  Passchier  indicate,  however,  that  com¬ 
bining  a  variable  lag  window  whose  lag  width  decreases  with 
increasing  frequency  with  the  local  normalization  does  pro¬ 
duce  a  much  improved  ASDF. 

van  Maanen.  Here  the  starting  point  is  also  the  slotting 
technique  with  local  normalization,  but  instead  of  attacking 
the  variance  problem  with  creative  windowing  schemes,  van 
Maanen  and  Oldenziel  (1998)  recommend  curve-fitting  the 
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locally  normalized  ACCF  in  order  to  remove  variability  in  the 
ASDF  estimates  almost  completely.  To  this  end,  they  have 
developed  an  eight-parameter  autocorrelation  model  which  is 
extremely  flexible  and  can  be  analytically  Fourier  trans¬ 
formed. 


4.2  Direct  Transform 


Direct  transform  methods  of  ASDF  estimation  are  based 
on  the  adaptation  of  the  periodogram  approach  for  equi- 
spaced  data  to  the  case  of  random  sampling.  The  standard 
estimator  in  this  regard  is  that  of  Gaster  and  Roberts  (1977) 
given  by 


-£“'W(o) 


(14) 


where  d{t^  is  a  data  window.  This  estimator  has  yet  to  be 

represented  in  these  benchmarking  tests;  however,  Tummers 
and  Passchier  (1996a)  have  shown  that  its  variability,  even 
with  block  averaging,  is  no  better  than  the  slotting  algorithm. 
Benedict  and  Gould  (1995)  have  also  shown  that  unconelated 
noise  results  in  a  negative  bias  in  ASDF  estimates  using  this 
method.  Its  advantage  is  speed  in  its  blockaveraged  form. 

Rajpal.  Scargle  (19S2)  modified  the  periodogram  to  make 
it  equivalent  to  a  least  squares  fitting  of  sine  curves  to  a  data 
set.  His  scheme  has  been  applied  by  Rajpal  (1995)  and 
Saarenrinne  et  al.  (1997)  to  simulated  data  and  turbulent 
flows. 

Ihalainen  et  al.  IV.  Another  modification  to  the  periodo¬ 
gram  is  described  by  Marquardt  and  Acuff  (1983).  It  this 
approach,  a  data  spacing  factor  is  incorporated  into  the  perio¬ 
dogram.  For  Poisson  sampling,  the  factor  becomes  the  in¬ 
verse  of  the  sampling  rate  squared. 


4.3  Reconstruction  with  FFT 

Reconstruction  approaches  create  equi-spaced  time  series 
by  resampling  according  to  various  interpolation  schemes, 
thereby  allowing  that  an  FFT  be  used  in  making  ASDF  esti¬ 
mates.  The  most  common  scheme  by  far  is  sample-an-hold 
(zero-order).  This  is  the  simplest  of  the  polynomial  class  of 
reconstruction  algorithms. 

Adrian  and  Yao  (1987)  were  the  first  to  call  attention  to 
the  filter  characteristics  of  reconstruction  algorithms.  Since 
then  it  has  been  well  documented  by  van  Maanen  and  Tul- 
leken  (1994),  among  others,  that  the  filter  effect  becomes 
significant  at  frequencies  under  n/ 2n  in  the  case  of  Poisson 
sampling.  If  noise  is  present  in  the  signal,  the  ASDF  esti¬ 
mates  can  break  down  well  before  this  filter  cut-off.  In  such 
a  case,  additional  filtering  (see  Fig.  1)  can  be  implemented 
prior  to  calculating  the  autocorrelation  function.  The  appli¬ 
cation  of  Kalman  filtering,  for  instance,  has  been  investigated 
by  van  Maanen  and  Tulleken  (1994)  and  Benedict  and  Gould 
(1995),  but  has  not  yet  been  applied  to  the  benchmarking 
data. 

Ihalainen  II  and  III,  implemented  the  standard  sample- 
and-hold  and  linear  reconstruction  schemes  respectively. 

Romano  also  implemented  the  standard  sample  and  hold 
algorithm. 


Nobach  I.  Recently,  Nobach  et  al.  (1998)  developed  a 
refinement  that  cancels  the  filter  effect  associated  with  sam- 
ple-and-hold  reconstruction.  The  approach  is  to  derive  an 
expression  for  the  resampled  autocorrelation  function  in 
terms  of  the  true  autocorrelation  function.  The  relation  is 
then  inverted  to  estimate  the  true  autocorrelation.  The  ASDF 
follows  from  a  cosine  transform.  Referring  to  Fig.  1,  the 
procedure  follows  the  steps  reconstruction,  autocorrelation 
estimate,  refinement,  spectral  estimate.  A  step  for  noise  sup¬ 
pression  can  be  added  when  necessary.  In  principle,  a  re¬ 
finement  can  be  derived  for  any  reconstruction  algorithm,  but 
it  is  not  always  possible  to  invert  the  resulting  expression. 


5  DISCUSSION  OF  PARTICIPANTS’  RESULTS 

The  flat  spectrum  (up  to  a  cut-off)  data  set  of  Group  1  was 
intended  as  a  prerequisite  diagnostic  case  to  ascertain  whether 
a  participant’s  estimator  exhibited  a  filtering  effect  above  a 
particular  cut-off  frequency.  Only  the  reconstruction  tech¬ 
niques  without  refinement  displayed  such  filtering.  Fig.  3 
shows  the  results  for  sample-and-hold  and  linear  reconstruc¬ 
tion  submitted  by  Ihalainen  et  al.  One  may  notice  that  these 
reconstruction  techniques  not  only  filter  above  a  cut-off  fre¬ 
quency,  but  also  indicate  a  positive  bias  error.  This  error  is 
reflected  in  the  integral  scale  errors  presented  in  Table  3  (at 
the  end  of  the  paper).  Note  that  the  severity  of  this  bias  error 
is  determined  by  the  energy  content  of  the  signal  at  frequen¬ 
cies  greater  than  approximately  n/ 2n  .  Thus  for  the  spectra 
presented  in  Fig.  4,  the  bias  is  only  significant  for  the  low 
data  rate  case.  Also  note  in  Fig.  1  that  the  linear  reconstruc¬ 
tion  has  a  slightly  lower  bias  error,  but  that  the  filter  cut-off 
frequency  (visually  perceived  at  n/  10  or  100  Hz)  is  the 
same.  Thus  one  should  not  be  fooled  by  Fig.  4  into  thinking 
that  the  sample-and-hold  scheme  has  performed  better  at  high 
data  rate  than  the  linear  estimator.  It  is  merely  coincidence 
that  the  sample-and-hold  filtering  effect  better  matches  the 
spectrum  over  this  frequency  range. 


Fig.3  Reconstruction  estimators  applied  to  Case  S-l 
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f  (Hz) 

Fig.  4  Results  of  Romano  (low  DVR)  and  Ihalainen  et  al.  for 
Case  S-2-03 

Group  three  was  also  a  set  of  mainly  qualitative  diagnos¬ 
tic  devices  designed  to  check  whether  the  methods  were  ca¬ 
pable  of  ascertaining  a  spectral  peak  in  a  wide-band  spectrum 
as  various  noise  levels  and  data  densities.  These  results  re¬ 
quire  further  analysis;  however,  it  appears  that  all  methods 
with  the  exception  of  the  reconstruction  methods,  which 
functioned  only  for  the  highest  data  density,  were  able  to 
determine  the  peak  of  100  Hz.  The  reconstruction  and  direct 
methods  were  also  strongly  influenced  by  noise;  although  the 
peak  was  still  recognizable.  Finally,  the  variable  window 
approach  of  Tummers  and  Passchier  resulted  in  a  significant 
frequency  broadening  of  the  peak,  but  this  was  deemed  to  be 
a  tolerable  result. 

The  Group  2  cases  were  designed  to  be  indicative  of  ac¬ 
tual  turbulence  spectra  and  to  allow  for  some  quantitative 
comparisons  of  the  different  methods.  It  must  be  admitted 
that  an  error  in  communication  between  the  present  authors 
led  to  the  creation  of  data  sets  with  relatively  low  resolution 
in  the  primary  series.  This  lessened  the  value  of  the  compari¬ 
son  to  some  extent,  as  a  maximum  of  roughly  5  decades  in 
amplitude  could  be  recovered  from  the  primary  time  series, 
but  was  discovered  to  late  to  be  corrected  in  time  for  the  pre¬ 
sent  analysis.  Fig.  5  presents  a  comparison  of  the  true  theo¬ 
retical  spectrum  and  the  actual  spectrum  of  the  primary  time 
series  for  Case  S2-1 .  The  spectrum  of  the  primary  time  series 
is  matched  well  if  the  exponent  in  Eq.  (7)  is  considered  to  be 
4.11/3  instead  of  4/3. 


Fig.  5  Comparison  of  theoretical  Group  2  spectra  to  those 
obtained  from  primary  time  series 

Two  standards  of  comparison  were  estimates  of  integral 
scales  and  microscales,  calculated  by  the  present  authors  from 
results  submitted  by  the  participants  (recall  that  participants 
were  not  aware  of  the  exact  values  during  their  work).  The 
errors  in  these  time  scale  estimates  are  presented  in  Tables  3 
and  4.  Some  caution  should  be  used  in  interpreting  the  mi¬ 
croscale  results  as  sometimes  biases  in  different  parts  of  the 
spectrum  canceled  in  the  integration,  leading  to  tolerable 
microscale  estimates.  This  was  the  case  for  the  linear  recon¬ 
struction  results  of  Ihalainen  et  al.  Ill  for  example. 

Generally  speaking,  the  reconstruction  without  refinement 
and  direct  methods  did  not  perform  well  for  these  tests.  The 
reconstruction  methods  were  able  to  estimate  the  integral 
scale  only  under  high  data  density  conditions  and  the  micro¬ 
scale  not  at  all.  Noise  tended  to  make  both  estimates  worse. 
The  refinement  of  Nobach  I  led  to  much  better  results.  This 
is  not  fully  reflected  in  the  table  as  all  the  cases  for  this 
method  have  not  yet  been  submitted  but  are  reported  to  be 
equivalent  to  Nobach  II.  It  must  be  mentioned,  however,  that 
the  noise  suppression  scheme  employed  by  Nobach  I  is  not 
fully  convincing.  A  combination  of  noise  and  velocity  bias 
also  seems  to  pose  problems. 

A  surprising  result  of  the  comparisons  thus  far  has  been 
the  performance  of  the  parametric  approaches.  The  results  of 
Nobach  III  are  excellent  in  general  with  problems  only  occur¬ 
ring  for  the  cases  in  which  velocity  bias  appears  at  low  data 
density.  The  method  of  van  Maanen  also  appears  to  be  very 
reliable  as  the  limited  results  submitted  thus  far  were  some¬ 
what  unfairly  influenced  by  the  resolution  of  the  primary  time 
senes.  It  should  be  noted  that  this  scheme  is  designed  to 
most  accurately  predict  the  high  frequency  portion  of  the 
spectrum  so  it  is  not  surprising  the  integral  scale  results  leave 
something  to  be  desired.  This  does  not  represent  a  drawback 
as  a  better  estimate  of  the  integral  scale  would  be  available 
from  the  locally  normalized  ACCF  when  using  this  method. 

As  was  expected,  the  standard  slotting  technique  showed 
a  high  variance  and  an  inability  to  cope  with  noise  or  bias. 
Noise  problems  could  be  circumvented  by  using  the  lag 
products  in  the  first  “half-slot”  in  place  of  the  autoproducts, 
however  this  would  rarely  be  a  useful  solution  under  real 
measurement  conditions  where  processor  dead  time  or  the 
probe  transit  time  limit  the  minimum  inter-arrival  time  which 
can  be  obtained. 

The  fuzzy  slotting  technique  of  Nobach  III  and  the  locally 
normalized  slotting  technique  with  variable  window  imple¬ 
mented  by  Tummers  and  Passchier  both  produced  excellent 
overall  results.  The  method  of  Tummers  and  Passchier  would 
appear  to  be  the  best  of  all  methods;  however,  the  results 
presented  here  can  only  be  considered  preliminary.  Fig.  6 
presents  the  normalized  standard  deviation  of  their  ASDF 
estimates  for  Case  S-2-1  as  compared  to  those  of  Ihalainen  et 
al.  I,  achieved  with  the  standard  slotting  technique  at  similar 
frequency  resolution.  The  improvement  is  obvious. 
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Fig.  6  Comparison  of  variance  of  two  slotting  algorithms 


6.  CONCLUSIONS 

A  set  of  34  simulated  data  sets  for  the  testing  of  power 
spectrum  algorithms  for  LDA  data  has  been  created  and  made 
available  at  the  internet  address  http://www-nt.e-technik.uni- 
rostock.de/~nobach/benchm.html .  Initial  results  from  7  re¬ 
search  groups  who  have  tested  10  algorithms  using  these  data 
sets  have  indicated  strengths  and  weaknesses  of  the  algo¬ 
rithms  as  well  as  the  test  cases.  Of  the  algorithms  tested, 
modifications  to  the  slotting  technique,  known  as  local  nor¬ 
malization  and  the  fuzzy  slotting  technique  as  well  as  two 
parametric  methods  and  a  refined  reconstruction  algorithm 
appear  to  offer  significant  advantages  over  traditional  slot¬ 
ting,  direct,  and  reconstmction  estimators.  Modifications  to 
the  test  cases  will  be  discussed  with  the  participants  during 
the  conference  in  preparation  for  further  comparative  tests. 
Real  LDA  data  sets  will  also  be  considered  in  the  future. 
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Table  3  Integral  scale  (Tu)  errors  for  Group  2  (in  percent) 


Iha  I 

lha  U 

Iha  IH 

Iha  IV 

Noba  I 

Noba  II 

Nob  in 

Raipal 

Roman 

Sree 

Tumm 

Maanen 

S2-01 

0.49 

1.6 

1.3 

160 

-1.0 

-7.5 

S2-02 

1.7 

-74 

1.6 

1.3 

160 

-7.5 

S2-03 

1.1 

1.6 

1.3 

160 

-7.5 

S2-04 

20 

0.57 

2.5 

-95 

1.5 

-6.1 

S2-05 

-1.0 

0.57 

2.4 

-50 

1.5 

-6.1 

S2-06 

-15 

4.0 

3.5 

0.57 

2.4 

400 

1.5 

-6.1 

S2-07 

0.44 

1.5 

1.1 

150 

-1.1 

-7.6 

S2-08 

1.7 

1.5 

1.1 

150 

-7.6 

S2-09 

0.15 

1.5 

1.1 

150 

-7.6 

S2-10 

1.9 

0.64 

2.4 

-95 

-6.4 

-6.2 

-16 

S2-11 

-0.66 

0.64 

2.2 

-6.4 

-6.2 

S2-12 

-15 

4.7 

-0.64 

2.3 

-6.4 

-6.2 

-22 

S2-13 

270 

-0.12 

1.5 

260 

-6.2 

S2-14 

260 

7.8 

-0.12 

1.4 

-6.2 

S2-15 

270 

-0.12 

1.4 

-6.2 

S2-16 

260 

3.7 

2.4 

-6.6 

S2-17 

260 

3.7 

2.4 

-6.6 

S2-18 

270 

24 

20 

3.7 

2.5 

-6.6 

S2-19 

270 

160 

160 

160 

260 

-0.26 

S2-20 

260 

160 

160 

160 

-0.26 

S2-21 

270 

160 

160 

160 

-0.26 

S2-22 

260 

18 

17 

-1.4 

-1.5 

S2-23 

260 

18 

17 

-1.4 

-1.5 

S2-24 

260 

18 

17 

-1.4 

-1.5 

Table  4  Taylor  micoscale  (Au)  errors  for  Group  2  (in  percent) 


Iha  I 

lha  H 

lha  m 

Iha  IV 

Noba  I 

Noba  0 

NobOI 

Raipal 

Roman 

Sree 

Tumm 

Maanen 

S2-01 

-1.7 

-16 

1.1 

-9.1 

5.1 

-6.3 

S2-02 

-1.6 

120 

-16 

1.1 

-9.1 

-6.3 

S2-03 

-16 

-16 

1.1 

-9.1 

-6.3 

S2-04 

-1.8 

-13 

-11 

-18 

-28 

-5.5 

S2-05 

-2.5 

-13 

-6.6 

-74 

-28 

-5.5 

S2-06 

-10 

-28 

11 

-13 

-6.6 

-92 

-28 

-5.5 

S2-07 

0.63 

8.6 

3.1 

-9.7 

ia 

-4.3 

S2-08 

-12 

8.6 

3.1 

-9.7 

-4.3 

S2-09 

-54 

8.6 

3.1 

-9.7 

-4.3 

S2-10 

-2.0 

27 

-5.5 

-18 

-49 

-5.3 

-5.4 

S2-11 

-14 

27 

-2.7 

-49 

-5.3 

S2-12 

-47 

-51 

27 

-2.7 

-49 

-5.3 

-7.6 

S2-13 

0.47 

-32 

-29 

-18 

-3.9 

S2-14 

-14 

-32 

-26 

-3.9 
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S2-15 

-32 

-27 

-3.9 

S2-16 

-3.0 

-1.1 

-2.4 

-4.6 

S2-17 

-1.1 

-2.4 

-4.6 

S2-18 

-31 

19 

-1.1 

-2.4 

-4.6 

S2-19 

1.9 

-52 

-38 

-4.6 

-18 

3.4 

S2-20 

_ 

-52 

-28 

-4.6 

3.4 

S2-21 

-52 

-36 

-4.6 

3.4 

S2-22 

-5.0 

20 

6.5 

-46 

1.5 

S2-23 

20 

6.5 

-46 

1.5 

S2-24 

20 

6.5 

-46 

1.5 
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ABSTRACT 

Combined  system  intercepting  sewers  are  facilities 
to  buffer  the  gauging  water  at  storm  water  events  to 
prevent  water  pollution.  This  paper  deals  with  the 
physical  simulation  of  a  special  type  of  a  combined 
system  intercepting  sewer  called  Combined  Sewer  De¬ 
tention  Tank,  which  has  to  be  optimised  due  to  its  fre¬ 
quent  malfunction  in  practice.  A  physical  model  of 
such  a  detention  tank  is  installed,  where  different  flow 
phenomena  and  transport  mechanisms  can  be  simu¬ 
lated.  The  transient  flow  field  is  recorded  using  the 
Digital  Particle  Image  Velocimetry  (DPIV).  Velocity 
profiles  are  detected  as  well  as  complex  flow  structures 
during  as  simulated  transient  precipitation  event.  The 
results  of  the  measurements  are  of  an  acceptable  accu¬ 
racy  to  calibrate  and  validate  the  numerical  model. 

1.  INTRODUCTION 

The  treatment  of  gauging  water  is  an  actual  prob¬ 
lem  for  townships  and  communities  in  Germany  and 
other  countries  in  the  european  community.  One  area 
of  this  wide  field  of  investigation  is  the  construction 
and  redevelopment  of  combined  system  intercepting 
sewers.  The  function  of  these  facilities  is  to  buffer  the 
waste  in  the  gauging  water  at  storm  water  events  to 
prevent  water  pollution  and  afterwards,  during  diy 
weather,  drain  it  away  to  a  wastewater  treatment  plant. 

A  special  type  of  a  combined  system  intercepting 
sewer  is  a  so  called  Combined  Sewer  Detention  Tank 
(CSDT).  The  overall  performance  of  a  CSDT  concern¬ 
ing  the  sedimentation  capacity  is  subject  of  current  re¬ 
search  projects.  The  high  hydraulic  load  factor  can  lead 
to  an  increasing  risk  of  erosion  of  already  settled  mate¬ 
rial.  Subject  of  this  investigation  is  to  examine  the 
flow  field  in  selected  areas  in  a  physical  model  of  a  cir¬ 
cular  CSDT. 


The  measured  data  serves  to  calibrate  and  verify  a 
numerical  model,  which  is  able  to  calculate  the  flow- 
field  and  the  transport  mechanisms  in  a  CSDT.  This 
will  lead  to  proposals  for  an  effective  construction. 

The  DPIV  is  used  to  examine  the  flow  field  in  dif¬ 
ferent  areas  in  the  center  line  of  the  physical  model  of 
the  CSDT.  LDA-measurements  are  not  able  to  repre¬ 
sent  the  transient  flow  phenomena  which  result  from 
permanently  changing  discharges  according  to  the 
simulated  hydrograph.  Furthermore,  LDA- 
measurements  in  the  whole  flow  field  would  exceed  the 
available  time  frame  of  the  project. 

In  the  following  the  physical  model  of  the  CSDT 
is  presented  followed  by  the  experimental  conditions 
and  a  detailed  description  of  the  measurements.  The  re¬ 
sults  of  the  DPIV  measurements  under  transient  flow 
conditions  are  presented  and  discussed. 

2.  PHYSICAL  MODEL  OF  CSDT 

The  physical  model  of  the  CSDT  consists  of  6 
smooth  circular  plexi-glass  modules  with  a  total  length 
of  9.30  m  and  an  inner  diameter  of  0.441  m.  On  the 
inlet-side  (Figure  1,  left)  water  is  pumped  through  a 
circular  intake  (0.15  m  diameter)  with  a  centrifugal 
pump  (maximum  capacity:  50  1/s).  A  controller  is  in¬ 
stalled  to  enable  a  stepwise  or  continuous  change  of  in¬ 
flow. 

The  other  side  of  the  tube  (Figure  1,  right)  consists 
of  a  circular  overflow  with  a  diameter  of  0.15  m  and  a 
throttle  pipe  of  0.05  m  diameter.  The  entire  model  is 
placed  on  top  of  a  channel  with  a  height  and  a  width  of 
1 .0  m  to  provide  visual  access  to  the  bottom  of  the 
tube.  Fig.  1  shows  a  photography  of  the  CSDT-model 
placed  on  top  of  the  channel. 


33.1.1 


Fig.  I:  Physical  Model  of  CSDT 


3 .  EXPERIMENTAL  CONDITIONS  AND  MEA¬ 
SUREMENTS 

The  flow  measurement  in  the  physical  model  is 
performed  using  the  Digital  Particle  Image  Velocime- 
try  (DPIV)  which  is  the  only  technique  to  detect  tran¬ 
sient  phenomenons  in  a  reasonable  span  of  time. 

3 . 1  Set-up  of  DPIV  Devices  and  Data  Processing 

To  visualise  the  flow  the  liquid  is  seeded  with 
small  tracer  particles  (polyamide)  with  a  nominal  di¬ 
ameter  of  28  pm.  For  illumination  a  laser  lightsheet 
is  generated  in  combination  with  a  rotating  polygon 
mirror  and  a  parabolic  mirror  for  parallelisation  of  the 
laser  beam.  The  thickness  of  the  light  sheet  is  ap¬ 
proximately  3.0  mm.  The  DPIV  devices  are  placed  un¬ 
der  the  CSDT-model  to  generate  the  lightsheet  from 
the  bottom  of  the  tube.  This  is  to  avoid  reflections  and 
distraction  of  the  laser  beam  caused  by  the  free  water- 
surface. 

The  laser  lightsection  (44.2  cm  by  57  cm)  is  reg¬ 
istered  by  a  CCD-camera.  The  camera  is  placed  in  a  de¬ 
fined  angel  under  the  pipe  because  of  distortions  due  to 
the  circular  shape  of  the  CSDT  (Feldhaus,  1993).  The 
field  of  view  of  the  camera  is  44.0  cm  by  26.0  cm  after 
correction  of  the  distortion  mentioned  above.  The 
DPIV  devices  can  be  moved  along  the  axis  of  the 
CSDT  so  that  arbitrary  cross-sections  can  be  analysed. 
The  images  are  digitised  and  saved  with  an  overlay 
frame  grabber.  The  digital  images  are  corrected  and  af¬ 
terwards  interrogated  in  64x64-pixel  sub-images  (this 
corresponds  to  areas  of  2.16  x  4.92  cm)  with  a  spacing 
of  16  pixels  (i.e.  a  75%  overlap;  corresponding  to  0.54 
cm  in  x-  and  1.23  cm  in  z-direction).  The  velocity  field 
is  obtained  by  cross-correlation  and  Fast  Fourier  Trans¬ 
formation.  Fig.  2  shows  the  setup  of  the  DPIV  de¬ 
vices.  All  velocity  fields  are  checked  for  inaccurate  ve¬ 
locity  measurements  with  a  special  type  of  dynamic 
filter  algorithm.  It  works  sequentially  for  every  meas¬ 
ured  velocity  vector: 


A  certain  area  around  each  vector  representing  the 
velocity  is  defined,  for  which  the  surrounding  vectors 
are  analysed  to  judge  its  quality. 


intake 
(150  mm) 


0.25  m 

j-— j-overflow 
1  1  (150  mm) 


9.40  m 


!• 


section  E  throttle  pipe 
,  (50  mm) 


Laser-lrghtsheet 
plexi-glass  tube 
CCD-camera 


plexi-glass  tube 


Fig.  2:  Sketch  of  CSDT  with  marked  investigated 
areas  and  set-up  of  DPIV  devices 


The  mean  velocity  and  standard  deviation  of  the 
horizontal  and  vertical  components  as  well  as  of  the 
absolute  values  are  calculated  from  all  vectors  in  that 
area.  Afterwards  the  algorithm  checks  if  the  deviation 
lies  within  tolerable  limits.  If  not,  it  will  be  marked 
unusable. 

The  tolerated  deviation  is  calculated  from  a  static 
and  a  dynamic  contribution.  The  static  part  mirrors  the 
fact  that  the  continuous  grey  values  in  the  original  im¬ 
age  have  to  be  converted  to  discrete  positions  in  the 
digitised  image.  It  has  to  be  chosen  according  to  the 
real  size  of  a  pixel.  The  dynamic  contribution  takes  the 
fluctuations  of  the  vectors  in  the  area  into  account  and 
is  calculated  as  a  multiple  of  the  standard  deviation. 
The  main  advantage  of  this  technique  is,  that  no  correct 
vectors  are  filtered  out  as  it  could  happen  by  using 
only  a  static  contribution.  In  areas  with  many  inaccu¬ 
rate  vectors  the  mean  velocity  would  shift  in  the  wrong 
way.  The  effect  of  using  a  dynamic  part  is  that  the 
whole  velocity  field  has  to  be  filtered  for  several  times, 
because  the  allowed  limits  will  be  reduced  with  the  re¬ 
duction  of  the  standard  deviation.  This  algorithm  is  re¬ 
peated  until  no  inaccurate  vectors  can  be  detected 
(Leucker  1995,  Raffel  &  Kompenhans  1992).  The 
maximum  filtered  vectors  are  about  5  %. 

A  simple  smoothing  algorithm  is  used  afterwards 
to  interpolate  the  filtered  velocities  to  get  a  better  vis¬ 
ual  access  to  the  flow  structures. 
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3. 2  Accuracy  of  the  used  DPIV-  system 


The  accuracy  of  the  DPIV-measurements  is 
strongly  dependant  on  the  resolution  of  the  system 
components.  The  DPIV-system  presented  here  uses  a 
frame  grabber  with  a  x-resolution  of  nx  =  768  pixel 
(x  =  26  cm)  and  y-resolution  of  ny=  572  pixel 
(y  =  44  cm).  The  dimensions  of  one  pixel  can  be  cal¬ 
culated  to 


Ax  =  —  = 
nv 


Ay  =  • 


—  =  0.0339[cm] 

768 

0) 

44 

—  =  0.0769[cm] 

572 

(2) 

The  maximum  difference  between  the  real  and  the 
measured  position  of  the  center  of  area  is  one  pixel 
(Leucker  1995).  This  results  in  maximum  differences 
Au  and  Av  between  the  real  and  the  measured  flow  ve¬ 
locity,  using  a  sampling  rate  of  25  Hz,  of 
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x 

nx  'At 


Av  = 


y 

ny  -  At 


26 

768-0.04 

44 

572-0.04 


0.85[cm/s] 
1 ,92[cm  /  s] 


(3) 

(4) 


The  maximum  detectable  flow  velocity  is  limited 
by  the  sampling  rate  and  the  dimensions  of  the  ob¬ 
served  area.  To  get  a  clear  cross-correlation  peak, 
Keane  &  Adrian  (1990)  remark,  that  the  covered  dis¬ 
tance  of  a  particle  within  a  time  step  At  must  be 
shorter  than  a  quarter  of  the  side-length  of  a  sub-image. 
Using  64x64-pixel  sub-images,  the  maximum  flow  ve¬ 
locities  umax64  and  vmax64  are 


1  xA-Ax_l  64  0.0339 

4  At-"!  0.04 

1  yA  Ay_l  64  0.0769 

4  At  ~  4  0.04 


=  13.6[cm/s]  (5) 
=  30.8[cm/s]  (6) 


As  a  result  the  theoretical  accuracy  of  the  installed 
DPIV-system  can  be  calculated  to 

Au 


Av 


umax64  vmax64 


-  =  ±6.3%. 


(7) 


Fig.  3:  Position  of  LDA-profile  and  detected  DPIV- 
area  at  section  E 


The  results  are  presented  in  Fig.  4.  The  velocities 
measured  using  DPIV  are  represented  by  a  rhomb, 
while  the  LDA-profile  is  marked  with  a  thick  line.  The 
area  around  the  DPIV-values  represents  the  calculated 
accuracy  of  ±6.3  %.  It  is  obvious,  that  the  accuracy  of 
the  measured  velocities  is  in  the  range  of  the  calcul- 
tion. 

At  a  height  of  3  cm  above  the  pipe  invert  the  flow 
velocities  differ  for  a  discharge  of  4  1/s.  The  reason  is  a 
velocity  gradient  above  dv/dz  =  0.25  cm/s/cm,  which 
can  not  be  detected  by  the  dimensions  of  the  sub¬ 
images  used  here. 


if  maximum  velocities  are  detected.  For  lower  flow 
velocities  the  accuracy  decreases  proportionately. 

To  verify  the  DPIV-system  mean  velocities  in  the 
main  flow  direction  are  measured  in  a  vertical  slice  near 
the  outlet  (section  E)  of  the  CSDT  (Fig.  2).  The 
LDA-system  used  is  a  10  mW  He-Ne  lD-backscatter 
laser  using  the  FFT  to  calculate  flow  velocities.  Meas¬ 
urements  are  carried  out  for  constant  discharges  of  2 1/s 
and  4  1/s.  Fig.  3  shows  the  postion  of  the  LDA-  pro¬ 
file  and  the  DPIV-  area  in  the  CSDT. 


Fig.  4:  Results  of  LDA  and  DPIV-measurements 
3.3  Simulated  Flow 

To  simulate  a  precipitation  event  taking  place  in  a 
combined  sewer  system,  different  hydrographs  follow¬ 
ing  natural  events  (BROMBACH  1991)  are  taken  and 
transferred  to  model-conditions  by  using  Froude's  law. 
An  example  for  a  continuously  changing  discharge  is 
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shown  in  Fig.  5,  where  the  Inflow-  and  throttle- 
hydrograph  as  well  as  the  water  level  and  the  actual 
storage  are  represented. 


The  duration  of  one  experiment  is  3000  seconds.  The 
inflow  starts  with  0.95  1/s  and  increases  to  11  1/s  with 
a  gradient  of  1.07  1/min.  After  a  constant  discharge  for 
a  period  of  100  seconds  it  decreases  with  two  different 
gradients  of  0.47  1/min  and  0.15  1/min.  To  examine 
the  development  of  the  flow  field  during  the  experi¬ 
ment  in  5  different  positions  in  the  physical  model  of 
the  combined  sewer  overflow,  25  images  are  taken  20 
times  during  one  experiment  with  a  sampling  rate  of 
25  Hz.  This  leads  to  a  total  of  3000  images,  which 
have  to  be  evaluated.  The  Reynolds-numbers  range  be¬ 
tween  800  for  a  discharge  of  0.95  1/s  and  32000  for 
1 1 .0 1/s  (based  on  the  hydraulic  radius  and  the  mean  ve¬ 
locity). 


4.  RESULTS 

The  results  of  the  DPIV-  measurements  in  the 
physical  model  of  CSDT  are  divided  into  the  observa¬ 
tion  of  velocity  profiles  during  the  filling  and  empty¬ 
ing  of  the  CSDT  and  the  evaluation  of  flow  structures. 

4. 1  Velocity  Profiles 

To  assess  the  flow  during  the  simulated  precipita¬ 
tion  event  velocity  profiles  in  section  B  and  E  are  cal¬ 
culated  out  of  the  DPIV  measurements.  This  is  man¬ 
aged  by  projecing  the  area  information  onto  a  profile  as 
demonstrated  in  Fig.  6.  This  is  only  possible,  because 
the  mean  velocity  differences  in  x-direction  are  small 
compared  to  the  absolute  velocities. 


Fig.  6:  Transfer  of  area  velocities  to  velocity  pro¬ 
files 


In  Fig.  5  different  velocity  profiles  in  section  B  for 
discharges  of  0.95,  5.0  and  1 1 .0  1/s  are  presented.  The 
influence  of  the  intake  can  be  observed  for  0.95  and 
1 1 .0  1/s  resulting  in  higher  velocities  due  to  the  pipe 
invert.  For  a  discharge  of  5.0  1/s  highest  velocities  are 
in  the  middle  of  the  profile  due  to  the  water  level  in  the 
CSDT  increasing  quickly  at  this  point  of  time. 

The  velocity  profiles  in  the  outflow  section  E 
(Fig.  7)  demonstrate  the  influence  of  throttle  and  over¬ 
flow  on  the  flow  field.  For  low  discharges  (0.95  1/s  to 
4.0  1/s)  the  flow  is  orientated  towards  the  throttle. 
When  the  overflow  is  working  the  flow  is  divided  and 
orientated  towards  the  overflow  for  a  discharge  of 
1 1.0  1/s.  For  a  decreasing  discharge  the  velocity  profile 
has  two  maxima  in  the  height  of  the  overflow  as  well 
as  the  throttle  (4.0 1/s).  At  the  end  of  the  precipitation 
event,  the  maximum  flow  velocities  are  in  front  of  the 
throttle  again. 
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Fig.  7:  Velocity  profiles  in  section  E 


3.01/s 


water  level,  which  will  have  a  strong  effect  on  trans¬ 
port  mechanisms  within  the  CSDT. 

The  velocity  profiles  detected  in  different  points  of 
time  allowed  insights  into  the  development  of  the 
flow.  It  was  obvious  that  the  inflow  geometry  has  an 
influence  on  the  flow  along  2/3  of  the  CSDT-length, 
while  the  outflow  geometry  influences  only  immedi¬ 
ately  in  front  of  the  outflow. 

The  flow  velocities  at  the  inflow  region  were 
greater  for  increasing  than  for  decreasing  discharge  due 
to  the  increased  water-filled  cross-section.  At  the  out¬ 
flow  the  flow-velocities  behaved  vice  versa,  because 
the  flow  through  throttle  and  overflow  increased  with 
water  level. 


4.2Flow  structures 

One  example  for  a  time  dependent  motion  analysis 
is  presented  in  Fig  8.  It  shows  a  vector  plot  of  fluctu¬ 
ating  velocities  u’,  v'  during  a  discharge  of  5.3  1/s  in 
section  B  within  a  time  span  of  1.8  seconds.  Large  ed¬ 
dies  can  be  observed  "walking"  within  the  flow.  The 
vector  plots  are  calculated  by  a  moving  average  over  30 
images  with  a  stepwidth  of  5  images.  Fig.  8  shows  the 
corresponding  contours  of  the  z-component  of  vorticity 
for  the  same  time  span  in  section  B  as  well.  Note  that 
the  concentrations  of  vorticity  correspond  well  with  the 
position  of  large  eddies. 

The  velocity  fields  corresponding  to  the  velocity 
profiles  in  section  E  during  the  transient  precipitation 
event  are  visualised  in  Fig.  9.  It  subscribes  the  inter¬ 
pretation  of  the  flow  field  from  above.  To  emphasize 
the  flow  for  decreasing  discharge  the  velocity  in  x- 
direction  is  contour-visualised  for  4.0  1/s  and  3.0  1/s. 
While  for  4.0  1/s  a  main  flow  at  the  bottom  can  be 
observed,  for  a  discharge  decreasing  further  the  flow 
field  becomes  irregular. 

5.  CONCLUSIONS 

The  results  show,  that  the  DPIV-technique  was  able 
to  record  the  flow-structures  in  the  physical  model  of 
CSDT.  The  accuracy  of  about  6  %  was  sufficient  for 
the  calibration  of  a  3D  mathematical-numerical  simula¬ 
tion  model.  Velocity  profiles  and  flow  structures  could 
be  measured  for  any  discharge  in  the  frame  of  the  simu¬ 
lated  hydrograph.  Only  in  a  section  immediately  behind 
the  intake,  velocity  and  velocity  gradients  exceeded  the 
limits  of  the  DPIV  system.  It  could  have  been  ob¬ 
served,  that  large  eddies  were  extended  across  half  of  the 
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Fig.  8:  Vector  Plot  of  Fluctuating  Velocities  u\  v‘  during  a  Discharge  of  5.3  l/s  in  Section  B 
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Fig.  9:  Velocity  Fields  in  Section  E  during  the  Transient  Precipitation  Event 
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ABSTRACT 

The  velocity  data  sets  measured  by  means  of  a 
three-dimensional  Doppler  Global  (DGV)  technique 
and  of  a  three-component  Laser-Doppler  technique 
are  shown,  discussed  and  compared.  The  measure¬ 
ment  object  was  the  same  for  both  measurements  and 
consisted  of  a  dual-flow,  dual-swirl  atomisation  noz¬ 
zle  with  a  pipe-like  flow  chamber  working  as  a  model 
combustion  chamber.  The  flow  conditions  were  iso¬ 
thermal  and  atmospheric. 

In  spite  of  a  visually  good  agreement  of  the  global- 
field  velocity  plots  the  velocity  components  show 
characteristic  and  obviously  systematic  deviations 
between  the  results  of  both  measurement  techniques. 
The  relative  deviations  can  be  of  a  considerable 
amount  and  have  suffered  up  to  now  from  the  lack  of 
a  reliable  physical  explanation. 

In  this  sense  the  features  of  both  techniques  demon¬ 
strate  their  special  advantages  which  are  the  fast 
whole-field  overlook  of  DGV  and  the  more  consis¬ 
tent  individual  data  sets  of  LDA. 

1.  INTRODUCTION 

Due  to  their  special  features  the  different  meas¬ 
urement  techniques  based  on  the  principle  of  Dop¬ 
pler-shifted  laser  light  do  less  compete  than  supply 
each  other  in  their  results.  Conventional  LDA  data 
deliver  local  velocity-field  information  the  acquisi¬ 
tion  of  which  needs  a  rather  time-consuming  meas¬ 
urement  process.  The  resolution  and  the  accuracy  of 
the  statistical  data  are,  however,  at  least  of  an  order  of 
magnitude  higher  than  the  data  measured  by  means  of 
DGV  and  other  well-known  whole-field  techniques. 

On  the  other  hand  the  global  flow  measurement 
techniques  aim  at  the  rapid  acquisition  of  the  flow 
data  of  a  complete  velocity  field  in  order  to  give  the 
experimenter  a  quick  overview  on  a  flow-field  situa¬ 
tion.  Up  to  the  present  it  has  to  be  tolerated  that  the 


flow-field  data  are  commonly  less  accurate.  But  the 
global  impression  of  the  instantaneous  or  of  a  time- 
integrated  flow-field  does  not  suffer  from  it. 

The  represented  paper  compares  the  results  of  a 
conventional  laser-Doppler  (LDA)  and  of  a  Doppler 
global  technique  (DGV)  measured  in  the  same  flow 
field  behind  a  dual-stream,  dual-swirl  air-blast  atomi¬ 
sation  nozzle.  It  shall  give  an  impression  of  the  com¬ 
parability  of  the  different  technique’s  data. 

2.  MEASUREMENT  OBJECT  AND  OPTICAL 
DEVICES 

2.1  NOZZLE  AND  FLOW  CHAMBERS 

The  flow  field  behind  the  fuel  atomisation  nozzle 
was  investigated.  Such  nozzles  are  an  important 
component  of  combustion  chambers  of  jet  engines.  In 
Fig.  1  two  circular  air  flows  pass  two  swirl  generators 
and  are  combined  in  the  exit  of  the  nozzle.  In  this 
way  a  recirculating  flow  with  strong  shear  stresses  is 
generated.  These  shear  stresses  atomise  the  fuel  film 
tearing  off  the  atomisation  lip  of  the  nozzle.  The  fuel 
injector  is  placed  in  the  center  of  the  nozzle  but  is  not 
used  in  the  experiment. 

The  atomisation  nozzle  has  a  outlet  diameter  of 
11  mm.  It  was  operated  under  atmospheric  pressure 
with  a  pressure  drop  of  30  mbar  and  was  inserted  in  a 
tube  with  a  diameter  of  54  mm.  The  3D-flow  field  in 
the  pipe  downstream  the  nozzle  was  investigated. 

2.2  DOPPLER  GLOBAL  OPTICAL  DEVICE 

Fig.  1  shows  the  experimental  DGV  arrangement. 
A  slit  in  the  tube  at  the  light  sheet  location  avoids 
measurement  disturbances,  caused  by  reflections. 
Therefore  the  windows,  which  are  needed  to  avoid 
flow  leakage,  are  recessed  from  the  inner  wall.  The 
light  sheet  and  camera  location  was  fixed.  The  nozzle 
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was  moved  to  change  the  axial  position  of  the  meas¬ 
urement. 

The  direction  of  the  velocity  component  vXT  meas¬ 
ured  with  the  set-up  is  also  indicated  in 
Fig.  1.  The  other  two  velocity  components  needed  to 
determine  the  3D-vector  could  be  measured  by  two 
further  DGV-pictures  taken  with  two  other  light 
sheets  overlapping  at  the  same  location,  with  the  light 
sheet  direction  rotated  120°  and  240°  around  the  pipe 
axis.  However  these  two  additional  measurements  are 
unnecessary,  because  of  the  cylindrical  symmetry  of 
the  flow.  Of  course  this  simplified  method  may  only 
be  applied  to  measure  mean  values.  The  instantane¬ 
ous  flow  distribution  never  shows  any  symmetry  be¬ 
cause  of  turbulent  fluctuations. 

The  presented  experiment  has  a  cylindrical  sym¬ 
metry  and  only  the  time  averaged  flow  field  is  of  in¬ 
terest.  Therefore  the  DGV-system  optimised  for  the 
measurement  of  mean  flow  velocities  was  used  to 
analyse  the  flow  field. 

The  light  sheet  illuminated  the  whole  cross 
section.  The  Laser  power  was  300  mW.  The  air  was 
seeded  with  glycerine  particles  with  an  average 
diameter  of  0.2  |um.  The  particle  density  was  so  low 
that,  with  the  flow  switched  on,  the  scattered  light 
could  hardly  be  seen  by  the  eye.  To  achieve  sufficient 
image  quality,  an  exposure  time  from  1  to  5  seconds 
was  needed.  This  time  is  sufficient  to  integrate  the 
turbulent  velocity  fluctuations. 


Fig.  1:  Set-up  of  the  nozzle  an  the  model-flow  cham¬ 
ber  for  DGV  measurements 


2.3  THREE-COMPONENT  LDA  TECHNIQUE 

For  the  conventional  LDA  measurements  an  or¬ 
thogonally  arranged  three-component  LDA  optics 
was  used,  consisting  of  a  dual-  and  a  single¬ 
component  device.  Two  components  worked  with  the 
green  argon-laser  line  and  the  scatter-light  signals 
were  separated  by  means  of  intensity  discrimination. 
The  system  was  the  same  as  described  in  [5]  except 
that  now  the  x  direction  had  the  down-flow  orienta¬ 
tion  of  the  nozzle  axis  and  y  was  the  traverse  coordi¬ 
nate  across  the  flow. 

The  optical  access  of  the  six  measuring  light 
beams  into  the  flow  chamber  was  enabled  by  forming 
the  model  chamber  from  about  0.1  mm  thick  over¬ 
head  foil.  It  was  rolled  and  pasted  as  a  300  mm  long 
cylinder  with  the  already  mentioned  diameter  of  54 
mm.  The  foil  distorted  the  optical  beams  especially  of 
the  radial-component  system  insignificantly  enough 
to  permit  a  traverse  along  more  than  80  %  of  the 
chamber  diameter  without  any  necessary  optical  re¬ 
adjustment.  Even  triple-coincidence  measurements 
could  be  made  in  this  way. 

As  seeding  particles  an  almost  monodisperse 
Si02-powder  was  applied  with  particle  diameters  of 
nearly  0.8  ,um.  It  was  introduced  into  the  settling 
chamber  of  the  nozzle  and  thus  seeded  both  partial- 
air  flows. 

3.  MEASUREMENT  RESULTS 

3.1  RESULTS  OF  DGV  MEASUREMENTS 

The  result  of  a  DGV-measurement  at  a  certain 
axial  position  x  is  shown  in  Fig.  2.  The  upper  part 
shows  the  image  of  the  camera  behind  the  iodine  cell 
and  the  lower  part  the  picture  of  the  reference  cam¬ 
era.  First  the  background  light  is  subtracted,  then  the 
pictures  are  divided  and  the  divided  picture  is  cor¬ 
rected  in  accordance  with  the  pixel  specific  sensitiv¬ 
ity  differences.  Then,  by  the  use  of  a  calibration 
function  T(v)  and  with  regards  to  the  geometry  of  the 
optical  arrangement,  the  distribution  of  the  velocity 
component  v^is  obtained  (Fig.  3). 

In  the  next  step  the  user  marks  the  symmetry  cen¬ 
tre  of  the  picture  and  the  computer  calculates  the  two 
other  velocity  pictures  by  turning  the  resultant  picture 
120°  and  240°  around  the  symmetry  centre.  These 
three  pictures  are  combined  to  a  3D-vector  field 
which  is  shown  in  Figure  4. 

The  components  in  the  light  sheet  are  represented 
by  a  vector  plot  and  the  axial  component  is  repre¬ 
sented  by  a  so  called  „luminescence  plot". 

This  result  is  obtained  after  about  30  seconds,  the 
measurement  takes  5  seconds,  the  post  processing  re¬ 
quires  25  seconds. 
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Fig.2i  Signal  and  reference  DGV  picture 

The  full  volumetric  flow  field  can  be  acquired 
within  a  few  minutes  by  stepwise  changing  the  axial 
position  of  the  light  sheet.  As  an  example,  Fig.  5 
shows  the  vector  field  in  the  plane  along  the  tube 
axis.  Fig.  10  shows  the  distribution  of  the  circumfer¬ 
ential  velocity. 


Fig.  3;  Result  of  a  DGV-measurement.  The 
distribution  of  one  velocity  component. 
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Fig.4:  3D- velocity  distribution  of  the  flow  2  mm 
above  the  swirl  nozzle. 

The  pictures  indicate  quite  clearly  how  fast  the 
swirl  flow  in  the  tube  is  smoothed.  Secondary  flow 
structures  can  be  observed,  especially  the  recircula¬ 
tion  torus  in  the  corners  at  the  bottom  of  the  tube  and 
the  axial  recirculation.  Both  effects  are  very  impor¬ 
tant  for  the  combustion  because  they  are  needed  to 
stabilise  the  flame. 

These  results  show,  that  this  method  is  an  excel¬ 
lent  tool  for  fast  analysis  of  complex  flow  fields.  The 
resolution  is  between  1  and  2  m/s,  since  the  smallest 
vectors  which  still  make  sense  have  a  length  of  1.5 
m/s. 

Reliable  statements  concerning  the  accuracy  of 
DGV  are  not  yet  possible.  Among  many  other  poten¬ 
tial  error  sources,  we  assume  that  reflections  of  the 
laser,  reflections  of  the  scattered  light  and  multi¬ 
scattering  may  affect  the  accuracy  as  well  as  high 


Fig.5:  DGV  vector  plot  of  the  axial -radial  velocity 
vectors  in  the  vicinity  of  the  nozzle 
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turbulence  in  combination  with  non  linearity  of  the 
iodine  line  and  inhomogeneous  seeding  causing  non¬ 
linear  averaging. 

If  such  error  sources  can  be  avoided,  the  absolute 
accuracy  can  be  estimated  to  be  at  least  smaller  than 
5m/s. 

The  vector  plot  shows,  that  the  DGV  measure¬ 
ments  near  the  nozzle  (x=3  mm)  are  influenced  by 
the  surface  representing  the  burner  head  plate.  This 
plate  was  coated  with  soot.  Never  the  less  parts  of  the 
scattered  light  was  reflected  by  this  surface  and  dis¬ 
turbed  the  measurement  resulting  in  vectors  which 
point  slightly  too  much  towards  the  burner  head 
plate.  At  this  point  an  enhancement  of  the  DGV  sys¬ 
tem  is  required. 

3.2  RESULTS  OF  LD A  MEASUREMENTS 

The  results  of  the  laser-Doppler  measurements 
consist  of  the  profiles  of  all  three  velocity  compo¬ 
nent’s  mean  velocities  U,V  and  W,  their  mean  fluc¬ 
tuations  (rms)  u’,  v’  and  w’  and  of  the  double  and  tri¬ 
ple  cross-correlations  of  the  velocity  components. 
Locally  measured  frequency  spectra  of  the  fluctuation 
were  helpful  for  a  deeper  insight  into  the  dynamics  of 
the  flow  field. 


y/  mm 


Fig.  6:  Mean  velocity  components  at  x=3  mm 


y/mm 


Fig. 7:  rms- values  of  turbulent  fluctuations  at  x=3  mm 

Fig.  6  shows  the  velocity  profiles  at  x=3  mm  be¬ 
hind  the  nozzle  exit.  The  axial  component  attains  a 
reversed  speed  of  nearly  U=-20  m/s  on  the  axis, 
which  means,  that  in  the  inner  part  of  the  centre  noz¬ 
zle  the  air  flows  into  the  nozzle  instead  of  leaving  it. 
The  azimuthal  component  W  attains  nearly  80  %  of 
the  maximum  axial  velocity  and  the  radial  one  V 
nearly  20  %. 

The  fluctuation  rms-values  in  Fig.  7  show,  that, 
compared  with  the  maximum  mean  velocities,  the 
turbulence  degree  does  not  exceed  the  order  of  40%. 

The  cross-correlations  in  Fig. 8  are  normalised 
with  the  products  of  the  components’  rms  values. 

The  maximum  values  of  0.6  for  the  double  cor¬ 
relations  indicate  the  activity  of  highly-coherent  large 
structures  in  the  flow. 

The  coherent  fluctuations  imply  periodical 
movements  in  the  flow  which  were  analysed  by 
means  of  spectral  analysis  of  the  LDA  data.  Fig.  9  is 
a  frequency  spectrum  of  the  radial  fluctuations  meas¬ 
ured  at  x=6  mm  and  y=10  mm  off-axis.  The  fre¬ 
quency  f=2.65  KHz  describes  an  absolute  instability 
effect  which  is  due  to  the  special  type  of  axial  and  ra¬ 
dial  velocity  profiles  of  swirl  flows. 
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Fig.  8:  Normalised  double  and  triple  cross¬ 
correlation  profiles  at  x=3  mm 

Such  fluctuations  are  connected  with  a  helically 
structured  fluctuation  mode  and  can  also  be  found  in 
the  flow  of  other  similar  nozzles.  The  lower  fre¬ 
quency  must  be  due  to  another  instability  mechanism 
which  has  not  upto  now  been  identified.  Nevertheless 
the  spectrum  shows  that  the  flow  field  must  be  highly 
unsteady. 

Such  kind  of  necessarily  coincident  laser-Doppler 
measurements  were  done  over  several  cross-sections 
of  the  flow-chamber  at  different  distances  x  away 
from  the  nozzle  exit.  The  results  can  be  combined  to 
form  spatial  or  plane  vector  fields  and  thus  be  com¬ 
pared  with  the  Doppler-global  measurements. 


Fig.  9:  Frequency  spectrum  of  the  radial  fluctua¬ 
tions  at  x=6  mm  and  y=10  mm 


Fig.  10:  u-v  vector  plots  of  DGV  (upper  field)  and 
LDA  (lower  field)  measurement  results 


4.  COMPARISON  OF  DGV  AND  LDA  RESULTS 

In  Fig  10  two  plots  of  the  u-v  vectors  are  shown, 
as  deduced  from  the  DGV  and  from  the  LDA  data. 
For  a  comparison  the  results  are  extracted  from  the 
data  tables  for  the  same  distances  x  away  from  the 
nozzle  exit.  At  the  first  glance  the  vector  fields  seem 


to  be  rather  identical.  But  a  more  accurate  look  shows 
that  there  are,  partly,  considerable  differences  be¬ 
tween  both  measurements’  data. 

In  order  to  have  a  more  realistic  impression  of  the 
differences  between  the  two  differently  measured  re¬ 
sult  sets  a  comparative  plot  of  the  velocity  compo¬ 
nents’  values  instead  of  the  vectors  seems  to  be  rec- 
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ommendable.  This  has  been  done  in  the  figures  no. 
11  to  13  for  three  different  distances  x  away  from  the 
nozzle,  each  figure  containing  the  plots  of  the  three 
evaluated  velocity  components. 


y  /  mm 

Fig.  1 1 :  Mean  velocity  plots  of  DGV  and  LD  A  data, 
measured  at  x=3  mm 

Close  to  the  nozzle  exit  at  x=3  mm  (Fig.  1 1)  the  axial 
component  U  shows  an  overestimation  of  the  velocity 
maxima  by  the  DGV  technique  and  a  tendency  to 
negative  values  close  by  the  wall  where  the  LDA  data 
tend  to  be  zero.  The  circumferential  component  W 
behaves  similarly  for  both  types  of  results. 

This  holds  also  for  the  radial  component  V  where 
the  tendency  can  be  observed,  that  also  fine  details  of 
the  profiles  in  the  near-axis  region  can  be  reproduced 
by  means  of  both  kinds  of  techniques.  In  the  vicinity 
of  the  wall,  where  the  velocity  values  are  low,  the 
DGV  data  show  much  more  scatter  than  the  LDV 
ones  which  expresses  the  restricted  resolution  fea¬ 
tures  of  DGV. 

Fundamentally  the  same  interpretations  hold  for  re¬ 
sults  of  the  other  axial  positions  x=l  1  mm  (Fig.  12) 
and  x=27  mm  (Fig.  13).  The  tendency,  however,  can 
be  recognised  that 

-  the  deviations  and  the  scatter  of  the  different  data 
sets  arise  with  decreasing  velocities, 

-  maxima  and  minima  of  the  velocity  profiles  seem 
to  be  systematically  overestimated  by  the  DGV 
technique  compared  with  the  LDA  data. 


y/  mm 


Fig.  12:  Mean  velocity  plots  of  DGV  and  LDA 
data,  measured  at  x=ll  mm 


y  /  mm 

Fig.  13:  Mean  velocity  plots  of  DGV  and  LDA 
data,  measured  at  x=27  mm 

The  order  of  overestimation  attains  values  of  about 
30%  to  50  %  for  the  axial  velocity  maxima  and  holds 
also  for  the  other  components.  Nevertheless  profile 
regions  with  strong  and  with  almost  zero  velocity 
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gradients  show  better  agreement  of  the  differently 
measured  results. 

The  different  gradients  of  the  circumferential  W 
profile,  especially  at  x=ll  mm,  makes  suppose  that 
there  might  be  an  influence  of  the  slit  in  the  chamber 
wall  to  the  flow  field  which  was  applied  during  the 
DGV  measurements  for  an  undisturbed  optical  access 
to  the  chamber.  Such  a  slit  influences  more  the  pro¬ 
file's  shape  than  the  extreme  values  of  the  velocity. 

5.  CONCLUSIONS 

In  spite  of  a  first-glance  equality  of  the  velocity- 
vector  fields  the  comparison  of  DGV  and  LDA  ve¬ 
locity-component  data  shows  partly  considerable  dif¬ 
ferences  between  the  different  data  sets.  The  devia¬ 
tions  increase  with  decreasing  velocity  values  and 
tend  to  be  maximum  nearby  extreme-value  situations 
of  the  velocity  profiles. 

The  physical  reasons  for  the  deviations  are  not  yet 
clear  but  it  can  be  deduced  from  theory  and  from  the 
discussed  results  that  the  LDA  data  are  more  accurate 
than  those  measured  by  DGV.  This  fact  is  confirmed 
when  well-known  correction  techniques  are  applied 
to  the  LDA  data  which  does  not  introduce  a  consider¬ 
able  change  to  the  LDA  results.  The  lower  scatter  of 
the  results  and  the  more  localised  measurement  of 
LDA  give  more  consistent  LDA  data  and  reliability 
to  be  compared  with  numerical  model  results. 
Smaller  localised  measurement  volumes  are  possible, 
because  secondary  light  scatter  effects  do  not  play  a 
role  for  the  LDA  technique. 

On  the  other  hand  the  DGV  data  deliver  a  quick  and 
complete  overview  of  the  flow  field  and  fulfils  in  this 
way  other  kind  of  important  demands  than  LDA. 

Finally  it  should  be  remarked  that  all  this  agreement 
of  measured  results  could  be  obtained  in  spite  of  the 
obvious  existence  of  the  already  mentioned  highly 
coherent  structures  in  the  flow  field  and  the  fluctua¬ 
tion  dynamics  which  is  necessarily  introduced  by  it. 
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ABSTRACT 

This  paper  reports  experimental  measurements  of 
transverse  dispersion  coefficients  in  porous  ceramic 
foams  for  three  different  pore  sizes  (10,  20  and  60  pores 
per  inch)  and  pore  Reynolds  number  20  <  Rep  <  400. 
Two  flow  configurations  were  studied  corresponding  to 
a  short  ceramic  foam  block  (X/D  =  0.8)  located  in  a 
pipe  flow  or  in  a  sudden  pipe  expansion  (1:4).  The 
transverse  dispersion  was  evaluated  from  digital  images 
of  smoke  dispersion  patterns  and  LDA  was  used  to 
characterise  the  axial  and  radial  velocity  components  at 
the  entrance  and  exiting  the  ceramic  block  and  to 
investigate  if  separated  flow  exists  in  the  vicinity  of  the 
sudden  pipe  expansion.  The  results  have  allowed  to 
correlate  the  scalar  transverse  dispersion  in  ceramic 
foams  and  to  interpret  their  dependence  with  pore 
Reynolds  number. 


INTRODUCTION 

Flow  in  porous  media  is  an  interdisciplinary 
subject  that  traditionally  is  of  special  relevance  in 
hydrology  and  petroleum  engineering.  Recently  the  use 
of  porous  ceramic  foams  or  other  highly  porous 
materials  (>  85%)  such  as  metal  wires,  metal  foils, 
etc.,  have  received  applications  in  combustors,  catalytic 
exhausters,  filters,  heat  exchangers,  etc.,  see.  e.g. 
Trimis  and  Durst  (1997),  Msaiorov  et  al.  (1984)  and 
Doltsimis  (1996).  As  a  consequence  there  is  a  new 
interest  in  flow  in  porous  media  and  related  with 
materials  that  have  a  porosity  higher  than  spheres 
packing  (=  40%). 

The  main  problem  associated  with  fluid  flow  in 
ceramic  foams  is  the  relationship  between  the  pore  scale 
flow  characteristics  and  macroscopic  flow  behaviour. 
The  very  limited  optical  and  physical  access  inside  the 


porous  matrix  prevents  a  direct  quantification  of  the 
phenomenae  at  pore  level  and  numerical  calculations  of 
the  3D  pore  flow  are  still  impracticable  for  engineering 
calculations.  The  alternative  way  to  solve  the  problem 
is  to  describe  the  flow  in  a  macroscopic  point  a  view  in 
which  governing  equations  are  obtained  by  volume 
average  of  the  microscopic  3D  flow  and  solid  structures. 
Several  additional  problems  are  created  with  the 
averaging  procedure  and  basic  fluid  flow  questions  like 
how  to  model  the  dispersivity  tensor  or  the  existance  of 
effective  flow  separation  inside  porous  media  are  still 
not  fully  answered  questions.  The  complex  pore 
geometry  influences  the  evolution  of  the  flow  process, 
questions  arise  about  the  adquability  of  the  existing 
scalar  dispersion  models  or  heat  and  mass  transfer 
modelling  assumptions,  derived  from  packed  beds  of 
spheres,  to  study  the  flow  at  high  pore  Reynolds 
numbers  in  ceramic  foams,  see  e.g.  Pereira  et  al. 
(1998). 

Experimental  work  conducted  on  velocity 
distribution  in  packed  beds  has  shown  that  the  flow  is 
not  uniform  across  the  bed,  see  e.g.  Morales  et  al. 
(1951),  Schwartz  and  Smith  (1953)  showing  an 
oscillating  profile  with  the  maximum  of  the  peak 
values  at  one  or  two  particle  diameters  from  the  wall. 
This  is  attributed  to  the  oscillation  pattern  of  voidage 
up  to  four  or  five  diameters  from  the  wall  (over  a  cross 
section  of  the  bed  of  monosized  spheres).  The  flow 
dependence  with  pore  Reynolds  number  in  packed  beds 
of  monosized  spheres  has  been  investigated  by  many 
researchers,  see  e.g.  Bear  (1972),  Dybbs  and  Edwards 
(1984)  and  Durst  et  al.  (1987).  After  the  Darcy  regime 
(Rep  <  1)  there  is  a  steady  laminar  flow  regime  in 
which  the  streamlines  are  fixed.  Inbetween 
150  <  Rep  <  300  unsteady  effects  play  a  role  but  the 
onset  of  flow  bifurcation,  transitional  or  turbulent 
regimes  are  a  controversial  issue,  see  e.g.  Mickeley 
(1965),  Takatsu  and  Masuoka  (1996)  and  Nield  (1997). 
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Some  of  the  authors  attributed  a  critical  Reynolds 
number  inbetween  1 10  and  150  see  Jolls  and  Hanratty 
(1989)  and  others  a  value  of  Rep  =  300  Dybbs  and 
Edwards  (1989).  For  sufficient  high  pore  Reynolds 
number  o(103)  there  are  experimental  evidence  that  the 
turbulent  flow  regime  exists  within  a  porous  medium  - 
see  Kaviany  (1991)  and  their  signature  is  attributed  to  a 
post-Forchheimen  flow  regime  in  a  curve  of 
macroscopic  pressure  gradient  versus  Reynolds  number, 
see  e.g.  Fand  et  al.  (1986).  - 

Experiments  of  scalar  dispersion  conducted  in 
ceramic  foams  have  been  reported  by  Hackert  et  al. 
(1996)  using  digital  images  taken  of  resulting  smoke 
dispersion  patterns.  They  have  concluded  that  the 
nondimensionalised  transverse  dispersion  coefficient, 
Dj/ud,  gradually  increases  with  Reynolds  number  up  to 
a  Reynolds  number  of  about  300  or  400  depending  on 
the  number  of  pores  per  inch  and  then  assumes  a 
constant  value  in  the  range  0.11  -  0.16.  Benz  et  al. 
(1993)  have  previously  reported  also  for  ceramic  foams 
that  the  constancy  of  Dj/ud,  was  attributed  to  turbulent 
mixing  within  each  pore.  LDV  measurements  conducted 
by  Hiatt  (1994)  and  Hall  and  Hiatt  (1994),  using  a 
perfurated  foam  (to  have  optical  access)  show  that 
normalised  rms  of  velocity  fluctuation  divided 
by  local  mean  velocity  increases  and  inbetween 
300  <  Rep  <  400  becomes  approximately  constant  with 
further  increase  in  Rep.  Other  applications  of  LDA  to 
flow  in  porous  media  are  related  with  refractive  index 
matched  oils  though  a  porous  bed  Johnston  and  Dybbs 
(1975)  and  this  technique  has  been  used  also  by 
Yarlagadda  and  Yoganathan  (1989)  in  a  bed  of  3  mm 
diameter  glass  spheres  but  at  a  very  low  Reynolds 
numbers. 

The  task  to  be  tackled  is  the  dispersion  of  a  tracer 
in  isothermal  flow  in  porous  ceramic  foams,  made  from 
AI2O3  with  10,  20  or  60  pores  per  inch  (ppi). 

In  this  work  the  experimental  technique  based  on 
digital  images  of  the  resulting  dispersion  of  a  point 
smoke  tracer  proposed  by  Hackert  et  al.  (1996)  has  been 
used  together  with  LDA  measurements  at  the  entrance 
and  exit  of  the  ceramic  foam  sample  allowing  to 
characterise  the  multijet  like  flow  structure  exiting  from 
the  foam.  Two  flow  configurations  were  used:  a  straight 
pipe  flow  with  a  foam  sample  and  a  sudden  pipe 
expansion  with  the  ceramic  foam  sample  located  in  the 
larger  pipe.  The  first  flow  configuration  was  used  to 
characterised  the  transverse  dispersion  coefficient  when 
the  effective  velocity  in  the  porous  media  is  one 
dimensional  and  the  second  configuration  to  investigate 
the  scalar  dispersion  and  presence/absence  of  flow 
recirculation  when  the  effective  velocity  is  two- 
dimensional. 


Test  Section  and  Experimental  Technique 

A  schematic  of  the  experimental  arrangement  is 
shown  in  Figure  la).  Compressed  air  enters  in  a 
perspex  pipe  with  84  mm  diameter  which  serves  as  a 
mount  for  the  test  section  pipe.  Air  is  guided  into  the 
test  section  pipe  with  200  mm  long  by  a  ceramic  foam 
with  20  ppi  which  holds  a  smoke  source  incense  stick. 
The  ceramic  sample  with  84  mm  diameter  and  50  mm 
long  is  placed  in  the  top  of  the  test  section  pipe.  A 
laser  light  sheet,  5  W  Ion-Ar,  illuminates  the  exit 
smoke  pattern.  Figure  lb)  shows  the  second  pipe  test 
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Fig.  1  Test  section,  a)  Foam  inside  a  pipe;  b)  Foam 
inside  a  pipe  sudden  expansion 
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20  ppi  sample 


60  ppi  sample 


Fig.  lc)  Ceramic  foams 


section  used  which  includes  a  pipe  sudden  expansion 
from  20  mm  to  84  mm  pipe  diameters.  The  ceramic 
foam  sample  could  be  mounted  at  different  distances 
from  the  sudden  pipe  expansion.  Three  ceramic  foams 
made  from  AI2O3  with  10,  20  or  60  ppi  were  used  with 
average  pore  diameters  of  5.1,  2.6,  0.85  mm 
respectively.  Figure  lc)  shows  the  three  porosities 
considered  in  this  work. 

Digitised  images  were  taken  of  the  resulting 
smoke  dispersion  inside  the  porous  ceramic  sample 
using  a  CCD  (Sony  SSC-M370CE)  camera  linked  to  a 
framed  grabber  video  card  with  640  x  480  pixel 
resolution  that  processes  and  stores  in  a  PC  the 
digitised  images  with  256  gray  levels.  The  approximate 
transverse  dispersion  coefficient  was  evaluated  from  the 
digitised  images  using  the  procedure  outlined  by 
Hackert  et  al.  (1996).  The  main  assumption  is  that  the 
tracer  intensity  at  each  pixel  is  correlated  with  the  tracer 
concentration  and  that  the  dispersion  of  individual  tracer 
particles  approaches  a  Gaussian  distribution  in  the 
continuum  limit  with  dispersion  coefficients  Di  =  xr/2t, 
i  =  x,  y  or  z  ,  for  a  point  source  at  time  t  =  0.  The 
volume  occupied  by  the  tracer  is  described  by 
x?  =  2  Di  t  and  the  average  transverse  dispersion 
coefficient  between  two  times,  Ax2=x?-x?=2Di{t2-ti). 


For  steady  flow  time  can  be  replaced  with  downstream 
distance  t  =  x /U: 

Dr  =  iL^-  (1) 

2  Ax 

The  procedure  to  calculate  Ax2  =  x?  -  x],  consists 
on  the  evolution  of  the  variances  of  the  images 
intensity  at  the  inlet  and  outlet  of  the  ceramic  foam. 
The  variance  is  calculated  as  the  mean  value  of  the 
variances  along  the  two  orthogonal  co-ordinate 
directions  located  at  the  image  mass  center  and  evaluated 
from  five  stored  images.  The  accuracy  of  the  variance 
values  is  dependent  on  the  image  signal  to  noise  ratio 
and  using  the  same  point  smoke  source  depends  of  the 
flow  pore  Reynolds  number.  The  variance  was  measured 
only  up  to  the  pore  Reynolds  number  that  produce  an 
image  amplitude  intensity,  at  least  one  order  of 
magnitude  higher  than  the  background  intensity. 

A  two  component  fiber  optics  LDA  system, 
DANTEC,  operating  in  backward  scattering  mode  was 
used  to  measure  the  two  velocity  components  at  the 
entrance  and  exiting  the  porous  ceramic  foam  specimen. 
The  dimensions  of  the  measuring  control  volume  are 
1.07  x  0.07  mm  (blue)  and  smaller  than  the  pore 
dimensions  for  10  and  20  ppi  ceramic  foams.  The 
Doppler  signals  were  processed  by  two  Burst  Signal 
Analysers.  Error  sources  due  to  optical  alignment  (non- 
uniform  grid  fringe  location)  or  electronic  noise  were 
considered  negligible.  Errors  due  to  signal  processing 
are  low,  0.25%  with  a  frequency  shift  of  40  MHz.  Error 
source  due  to  velocity  variation  across  the  measuring 
volume  are  up  to  five  orders  of  magnitude  smaller  than 
the  measured  rms  and  can  be  neglected.  The  velocity 
difference  between  the  fluid  and  the  smoke  particles  is 
estimated  to  be  smaller  than  0.5%.  Finally  the  errors 
due  to  the  sample  size  using  a  confidence  level  of  99% 
and  10000  samples  are  1%  for  the  mean  velocity  and 
1.2%  for  the  rms  values.  This  brief  analysis  shows  that 
the  estimated  errors  in  the  mean  and  rms  velocities  are 
lower  than  1.5%  and  2%  respectively. 


RESULTS 

Foam  Inside  a  Straight  Pipe 

Figure  2a)  shows  an  example  of  the  smoke 
images  captured  to  evaluate  the  transverse  dispersion, 
Dr,  based  on  the  analogy  between  smoke  concentration 
and  the  image  intensity  was  made  to  calculate  the 
transverse  variance,  see  Figure  2b)  and  c).  Figure  3a) 
shows  the  transverse  dispersion  coefficient  versus  pore 
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Fig.2a)  Image  of  smoke  pattern  exiting  the  foam, 
Rep  =  40;  b)  Digital  image;  c)  Transversal 
concentration  profile 

Reynolds  number  for  three  foams  (10,  20  and  60  ppi). 
Obviously  for  20  and  60  ppi  the  Reynolds  number 
limit  is  lower  than  for  10  ppi  to  avoid  errors  due  to 
image  signal  to  noise  ratio. 

The  first  question  that  one  may  face  related  with 
3a)  is  to  known  if  transverse  dispersion  coefficient  is 
dependent  on  the  foam  sample  length.  Figure  3b)  shows 
clearly  that  it  is,  but  can  be  very  well  correlated  see 
Figure  3  c)  if  one  multiplies  Dx  by  the  length  ratio 


relative  to  50  mm  sample,  Lso/Lj  where  Lj  stands  for 
the  sample  length. 


Fig.3a)  Transverse  dispersion  coefficient  versus  pore 
Reynolds  number  for  three  ppi  values;  b)  Transverse 
dispersion  versus  pore  Reynolds  number  for  different 
sample  lengths;  c)  Correlated  values  with  Lso/Li 

The  second  question  than  one  may  faces  related 
with  Figure  3a)  is  to  know  if  the  distinct  curves  can  be 
correlated  in  a  family  as  a  function  of  pore  Reynolds 
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number.  Each  curve  shows  a  tipical  dependence  with 
pore  Reynolds  number  that  can  be  approximated  by  a 
linear  variation  in  the  lower  Rep  range  and  also  the 
upper  Rep  range  and  non  linear  variation  inbetween. 
This  dependence  of  Dp  with  Rep  can  be  better 
illustrated  if  the  results  of  Figure  3a)  are  represented  in 
normalised  effective  transverse  diffusion  coefficient, 
Dp/ud,  shown  in  Figure  4a)  in  a  smi-log  plot.  It  is 
important  to  mention  that  no  previous  analysis  of  the 
individuality  of  each  curve  was  made  and  the  present 
results  add  aditional  information  to  the  data  previously 
reported  by  Hackert  et  al.  (1996).  The  present  results 
clear  show  that  each  curve  displays  a  critical  upper  and 
lower  Rep  and  each  of  these  values  is  well  correlated 

with  RePci  =  RePCl0  x  A.,  being  RepCl0  the  critical 
dio 

upper  or  lower  Reynolds  values  for  10  ppi.  The 
dependence  of  Dp/ud  with  Rep  can  be  evaluated 
according  to  the  following  expression: 


I 


Dt  . 

ud 


0.03,  if  Rep<;  <  RePcI()  x  A. 

dio 

0.03  +  0.0878  In  [Rep/RePci()  4m 
if  RePc  <  Rep  <  RePc 


0.11,  if  RePc  >  RePcl0  A 
dio 


(2) 


Expression  (2)  is  valid  for  the  porosity  \|/  =  0.87 
and  AI3O2  foams  in  the  10  <  Rep  <  400.  However, 
Benz  et  al.  (1993)  report  that  Dp  =  Rep  for  Rep  >  400. 
Expression  (2)  is  presented  in  Figures  4b)  and  also  as  a 
function  of  (Rep  -  Rep)  /  (Rep  -  Rep)  in  Figure  4c). 


Figure  4a)  Normalised  effective  transverse  diffusion 
coefficient,  Dp/ud;  b)  Comparison  of  equation  (2)  with 
the  measurements  as  function  of  pore  Reynolds 
number;  c)  Transverse  diffusion  coefficient  as  a  function 
of  normalised  pore  Reynolds  number 


Velocity  measurements  taken  at  5  mm  from  the 
exit  of  the  foam  and  transversing  the  pipe  across  a  line 
crossing  the  simetry  axys,  confirm  the  microject  flow 
like  structure,  see  Figure  5a)  and  b)  for  Rep  =  226,  10 
ppi  and  20  ppi  respectively.  The  flow  at  the  exit  of  the 
foam  displays  a  highly  3D  flow  field  with  similar  axial 
and  radial  values  of  rms  velocities  but  with  a  dominant 
mean  axial  velocity  component.  The  most  relevant 
conclusions  derived  from  the  analysis,  of  many  data 
sets,  is  that  the  flow  at  the  exit  is  a  jet  flow  that 
expands  to  a  free  atmosphere  and  can  not  be  directly 
related  with  the  flow  inside  the  porous  media. 
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Fig.  5  Velocity  and  rms  profiles  5  mm  from  the  exit, 
along  a  line  crossing  the  pipe  axis,  a)  Axial  velocity  10 
ppi;  b)  Tangential  velocity  10  ppi,  c)  Axial  velocity 
20  ppi 


The  higher  velocities  observed  for  the  10  ppi  relative  to 
20  ppi  are  due  to  the  larger  potential  core  jets.  The 
decay  of  the  velocity  perturbations,  generated  by  the 
multijets,  along  the  pipe  centreline  is  shown  in  Figure 
6a)  and  b)  for  10  and  20  ppi  (50  mm  foam  sample).  The 
measurements  show  that  for  10  ppi  the  axial  rms  decays 
even  from  pipe  Reynolds  number  of  =  650,  (Rep  =  38) 
denoting  the  strong  perturbation  induced  in  the  flow. 
For  all  samples  investigated  the  radial  fluctuation 
decays  much  faster  than  the  axial  rms. 


40.00  60.00  80.00  100.00  120.00 

(mm) 

Fig.  6  Rms  decay  along  the  pipe  axis,  a)  10  ppi; 
b)  20  ppi 


Finally  the  influence  of  the  length  of  the  foam 
sample  on  the  exit  velocity  field  is  shown  in  Figure  6c) 
and  for  a  foam  with  12.5  mm  there  is  dominant  flow 
directions  associated  with  holes  that  could  be  seen  in 
the  foam. 
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formed  inbetween  the  sudden  pipe  expansion  and  the 


Fig.  6c)  Axial  velocity  for  different  foam  lengths 
samples 
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Sudden  Pipe  Expansion 


The  results  obtained  with  the  50  mm  foam  inserted 
inside  the  pipe  expansion  (1:4)  see,  Figure  7a)  are 
intended  to  investigate  if  flow  separation  occurs  at  the 
exit  of  the  foam.  The  results  show  in  Figure  7b)  along 
a  radial  direction,  for  different  foam  sample  lengths  and 
when  the  foam  is  located  at  the  sudden  pipe  expansion 
(a  =  0),  show  that  only  for  a  very  short  sample  (12.5 
mm)  a  recirculation  region  was  formed  on  the  pipe 
wall.  These  results  correspond  to  Re  =  226,  (10  ppi)  for 
other  number  of  pores  per  inch  no  recirculation  could  be 
detected.  The  pressure  drop  (that  was  also  measured) 
increases  tipically  four  times  relative  to  the  same 
sample  located  in  a  straight  pipe  and  the  dependence  of 
the  pressure  drop  (divided  by  the  effective  velocity)  with 
pore  Reynolds  number  looses  its  linearity  to  became  a 
quadratic  function  of  pore  Reynolds  number  denoting 
that  Ergun  or  Forchheimen  correlations  to  not  apply. 

In  order  to  investigate  the  scalar  dispersion 
characteristics  in  the  presence  of  the  sudden  expansion 
the  same  procedure  presented  in  the  previous  section 
was  applied.  However,  it  was  impossible  to  obtain  any 
accurate  measurement  of  smoke  transversal  dispersion 
due  to  the  signal  to  noise  ratio  value.  The  smoke 
complety  disperses  in  all  the  pipe  section  even  for  very 
low  pore  Reynolds  numbers  denoting  the  almost 
potential  like  velocity  field  inside  the  foam  (without 
separated  flow  region). 

Flow  visualisation  and  LDV  measurements  were 
conducted  to  investigate  if  it  was  possible  to  detect  any 
flow  separation  inside  the  foam  when  the  foam  sample 
is  not  attached  to  the  sudden  pipe  expansion  (a  &  0,  see 
Figure  7a)).  The  flow  in  the  axisymmetric  cavity 


Fig.  7a)  Pipe  sudden  expansion;  b)  Axial  velocity  at  5 
mm  from  the  foam  exit 

foam  displays  the  velocity  characteristics  of  a  typical 
cavity  and  it  was  impossible  to  detect  if  recirculating 
flow  was  present  close  to  the  pipe  wall  inside  the  foam. 
The  mean  axial  and  radial  velocities  for  a  Rep  =  1 15  to 
which  corresponds  an  inlet  pipe  flow  Reynolds  number 
of  16400  and  for  three  relative  foam  locations  to  the 
sudden  pipe  expansion  a  =  40,  60  and  80  mm,  are 
shown  in  Figure  8a),  b)  and  c)  respectively.  The  radial 
velocity  profile  was  taken  at  10  mm  behind  the  foam 
flow  entrance,  and  the  results  are  also  plotted  in  Figure 
8d).  The  results  show  the  formation  of  a  typical  cavity 
flow  (in  the  cavity  space)  but  the  measurements  taken 
closer  to  the  foam  are  not  conclusive  about  the 
separated  flow  penetration  in  the  foam. 


Umean(m/s) 
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Fig.  7  Radial  velocity  profile  in  the  cavity  betore  tne 
foam,  a)  a  =  40  mm;  b)  a  =  60  mm;  c)  a  =  80  mm 


CONCLUSIONS 

Experimental  measurements  of  transverse 
dispersion  coefficients  in  ceramic  foams  for  three 
different  pore  sizes  (10,  20  and  60  pores  per  inch)  and 
porosity  equal  to  0.87  and  for  pore  Reynolds  number 
20  <  Rep  <  400  combined  with  LDA  velocities  at  the 
foam  exit  in  two  flow  configurations:  straight  pipe  and 
sudden  pipe  expansion  allow  to  report  the  following 
conclusions: 

i)  The  non-dimensionalised  transverse  dispersion 
coefficient  Dx/ud  changes  with  pore  Reynolds 
number  inbetween  two  values,  denoting  a  linear 
variation  of  Dt  below  the  lower  critical  value  and 
above  the  upper  critical  pore  Reynolds  number 
value.  Inbetween  the  cubic  variation  of  Dj  with 
Rep  can  be  well  approximated  by  a  logarithmic 
function. 

ii)  LDA  measurements  at  the  exit  of  the  foam  reveal 
the  already  known  threedimensionality  of  the  flow 
characterised  by  microjets.  However,  these  jet 
flows  can  not  be  related  with  flow  inside  the  foam 
(due  to  the  free  flow  expansion  at  the  exit)  neither 
it  makes  sense  to  attribute  conventional  flow 
regimes  (transitional  or  turbulent)  to  the  flow 
inside  porous  media. 

iii)  The  flow  inside  porous  media  should  be 
characterised  by  laminar  dispersivity  and  not  by  the 
conventional  unsteady,  transitional  or  turbulent 
regimes.  Details  of  the  new  modelling 
assumptions  on  the  nature  of  the  flow  in  ceramic 
foams  are  in  preparation,  Pereira  and  Raposo 
(1998). 

iv)  When  the  foam  is  inserted  in  a  pipe  flow 
expansion  (1:4)  the  presence  of  negative  velocities 
at  the  exit  of  the  foam  were  only  detected  for  very 
short  samples  (X/D  =  0.14).  Otherwise,  the  strong 
pressure  losses  deviate  the  flow  (like  potential 
flow)  and  no  recirculating  flow  could  be  detected. 

v)  When  there  is  a  gap,  inbetween  the  foam  and  the 
sudden  pipe  expansion  step  wall,  a  cavity  flow  is 
formed  and  the  flow  visualisation  and  LDA 
measurements  in  the  cavity  were  not  conclusive 
about  the  penetration  of  the  recirculating  cavity 
flow  inside  the  foam. 
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ABSTRACT 


We  present  the  results  of  an  experimental 
research  based  on  laser  Doppler  anemometry 
measurements,  developed  to  investigate  the  fluid 
dynamics  in  a  cold  air  model  of  a  flash  smelting 
furnace.  By  using  a  complete  tenth  scale  model 
installed  in  an  experimental  rig,  velocity  and 
turbulence  data  were  collected  inside  this 
metallurgical  reactor.  Three  series  of  measurements 
were  carried  out  to  investigate  respectively  the  flow 
inside  the  shaft,  settler  and  up-take.  The  experimental 
results  obtained  during  this  study  show  basically  an 
axisymmetric  flow  in  the  shaft,  the  presence  in  the 
settler  of  flow  channelling  and  reverse  flow  and 
finally  some  recirculation  areas  in  the  up-take. 

1.  INTRODUCTION 


The  flash  smelting  process,  developed  in  the  late 
1940s,  is  a  metallurgical  process  to  treat  copper, 
nickel,  copper-nickel,  lead  and  lead-zinc  sulphide 
flotation  concentrates.  In  this  process  the 
concentration  and  conversion  of  metalliferous  ores  is 
obtained  by  fusion  and  by  thermochemical  reaction, 
which  are  carried  out  in  a  furnace. 

In  Figure  1  we  present  a  simple  picture  of  the 
flash  smelting  furnace,  which  can  be  divided  in  three 
basic  components:  a)  the  reaction  shaft  with  the 
concentrate  burner,  where  the  combustion  of  the 
mineral  particles  occurs;  b)  the  settler,  where  the 
resulting  upper  slag  and  downer  matte  phases 
separate;  c)  the  up-take,  through  the  which  the  off¬ 
gases  leave  the  furnace.  In  the  top  of  the  reaction 
shaft,  the  concentrate  burner  mix  the  dry  particulate 


concentrates  with  the  preheated  oxygen  enriched  air 
(process  air)  and  the  distribution  air.  Then  the 
mineral  sulphides  oxidize  and  the  resulting  metal  rich 
matte  phase  and  slag  phase  setded  and  they  are 
tapped  separately  from  the  furnace.  The  reaction 
gases,  produced  in  the  flash  smelting  process,  flow 
through  the  settler  and  finally  leave  the  furnace 
through  the  up-take. 

The  interactions  of  heat,  momentum  and  mass 
transfer,  which  take  place  in  the  furnace 
simultaneously  with  chemical  reactions,  originate  a 
complex  picture  hard  to  understand  well.  Despite 
being  in  vogue  for  many  years,  the  design  of  flash 
smelting  furnace  has  not  been  optimized  and  only  a 
limited  amount  of  researches,  both  experimental 
measurements  and  mathematical  modelling  of 
burners  and  shafts,  are  been  carried  out.  By  using 
laser  Doppler  anemometry  (LDA)  Tanemura  et  al 
(1989)  measured  the  axial  velocity  of  particles 
exiting  from  a  nozzle  and  compared  them  with  their 
simple  mathematical  model  predictions.  Smith  (1991) 
studied  the  flow  regimes  in  the  reaction  shaft  and  the 
settler  of  a  one  twentieth  scale  water  model  by  using 
streak  photography  and  a  video  camera  and 
concentrating  principally  his  investigations  on  the 
burners.  Other  measurements  were  made  by  Nguyen 
et  al  (1992)  in  a  scaled  model  of  a  furnace.  The 
authors  used  their  experimental  results  to  validate 
successively  a  more  complete  three-dimensional 
model.  Important  researches  were  developed  by 
Sutalo  et  al  (1994)  who  studied  the  flow  patterns  of 
reaction  gas  beneath  a  distributor  burner  in  a  1:14 
scale  water  model.  Using  the  Fluent  Computational 
Fluid  Dynamics  (CFD)  software  they  simulated  the 
flow  through  the  burner  and  the  flash  furnace  shaft 
and  compared  their  numerical  results  with 
experimental  measurements.  These  experiments 
carried  out  by  joining  the  Digital  Particle  Image 
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Velocimetry  technique  with  a  high  speed  video 
camera  showed  a  temporal  instability  in  the  jet 
exiting  from  the  burner.  Jorgensen  et  al  (1995), 
combining  streak  photographs  with  video  images, 
provided  velocity  measurements  and  flow  patterns  of 
several  burner  configurations  in  a  fourteenth  scale 
perspex  model  of  a  flash  smelting  furnace.  Then 
using  the  CFD  Phoenics  package  they  obtained 
numerical  results  which  confirmed  the  presence  of 
strong  recirculation  regimes  within  the  shaft  and 
showed  that  the  fluid  flow  and  the  heat  transfer  were 
greatly  affected  by  the  combustion  process. 

The  assessment  of  the  quality  of  a  flash  smelting 
process  requires  a  detailed  knowledge  of  the  flow 
characteristics  within  the  furnace.  Limitations  on 
access  to  the  flash  furnace  and  the  aggressive 
environment  require  investigating  the  physical 
phenomena  in  a  model.  In  order  to  achieve  more  a 
detailed  indication  of  the  turbulent  fluid  flow  and  a 
better  understanding  of  the  process,  it  was  decided  to 
take  measurements  of  air  velocities  with  a  laser 
Doppler  anemometry.  Thus  a  complete  no-intrusive 
mapping  of  the  flow  field  in  a  cold  air  model  of  the 
furnace  was  performed,  providing  valuables  data  on 
velocity  and  turbulence. 


2.  EXPERIMENTAL  RIG 


This  section  describes  briefly  the  experimental 
arrangement  used  during  the  investigation  and  which 
is  shown  in  Figure  1.  Figure  2  illustrates  the 
coordinate  system  and  the  position  of  all  the 
measurement  planes  considered  here. 


Smoke 


Compressed  air 
^ ”  system 


Blower 


Fig.  1  The  flash  smelting  furnace  and  the 
experimental  rig. 


Fig.  2  The  coordinate  systems  and  the  measurements 
planes  (dimensions  in  mm). 

2.1  Flow  Configuration 

A  tenth  scale  perspex  model  of  a  complete  flash 
smelting  furnace  was  used  in  the  LDA  experiments. 
The  reaction  shaft  has  both  a  diameter  and  a  height  of 
600  mm,  the  settler  is  810  mm  wide,  2221  mm  long 
and  343  mm  deep,  while  the  up-take  is  a  750  mm 
high  cylinder  with  a  diameter  of  380  mm.  The  bottom 
of  the  model  represented  the  free  surface  of  the  upper 
slag  phase.  To  permit  the  intersection  of  the  laser 
beams,  flat  windows  were  inserted  both  in  the 
reaction  shaft  and  in  the  up-take.  To  do  this,  four 
symmetrical  vertical  positions  were  chosen  on  the 
curved  walls  at  0  =  0°,  90°,  180°,  270°.  Finally  the 
exact  geometry  of  the  burner  was  also  accurately 
scaled  and  built. 

Cold  air  at  room  temperature  was  utilized  in  the 
experimental  test,  where  a  5.6  kW  centrifugal  blower 
injected  0.20  Nm3/s  of  this  air  (process  air)  in  the 
burner.  The  burner  exit  region,  situated  at  60  mm 
from  the  roof  of  the  shaft,  has  a  5.9  mm  wide  annular 
gap  and  thus  the  Re  of  the  main  flow  at  the  throat  is 
approximately  3.0  x  10s.  The  main  stream  gauge  fed 
pressure  measured  ahead  of  the  burner  inlet  was  10 
kPa.  To  generate  tracer  particles  for  the  LDA 
measurements  a  SPT  smoke  generator  was  used. 
Paraffin  oil  produced  the  smoke  that  regulated  by  a 
needle  valve  was  injected  through  a  nozzle  in  the 
process  air  current.  Also  a  very  low  flow  of 
distribution  air  was  taken  from  a  30kPa  compressed 
air  system  and  brought  into  the  burner  distribution 
plate.  Finally  the  two  flows  mixed  in  the  shaft  and 
they  left  the  settler  by  discharging  to  the  atmosphere. 

2.2  Measurements  Techniques 

The  velocity  measurements  inside  the  flash 
smelting  furnace  were  carried  out  using  a  laser- 
Doppler  velocimeter.  The  velocimeter  is  a  Dantec 
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two  component  fibre  optic  system  with  Burst 
Spectrum  Analysers  (BSA)  and  an  automatic 
computer  controlled  three  component  traverse 
systems. 

Coherent  light  with  wavelength  in  the  range 
457*514.5  nm  from  a  300  mW  Argon-Ion  laser  was 
directed  to  a  transmitter  box  where  frequency 
shifting,  to  remove  the  direction  ambiguity  of  the 
velocities  (Durst  et  al,  1981),  and  colour  separation 
were  performed.  A  Bragg  cell  splits  the  light  beam  in 
two  beams  with  a  40  MHz  frequency  shifting.  These 
beams  then  pass  through  a  dispersion  prism,  which 
provides  two  green  (514.5  nm),  and  two  blue  (488 
nm)  light  beams.  The  shifted  and  direct  beams  are  led 
to  output  aperture,  where  fibre  manipulators  are  used 
to  focus  the  beams  into  fibre  optic  cables.  Then  a 
probe  with  a  400  mm  focal  length  lens  and  a 
measuring  volume  diameter  of  116  pm  causes  the 
four  beams  to  intersect.  Finally  the  collected  back- 
scattered  light  is  separated  into  green  and  blue 
components  and  is  directed  onto  two 
photomultipliers. 

The  Doppler  signals  were  processed  in  two  Burst 
Spectrum  Analysers  with  fast  Fourier  transform  in 
order  to  extract  the  Doppler  frequencies.  The  BSA 
master  for  measuring  the  main  component  of  the 
velocity  and  the  BSA  slave  for  the  other  component 
were  set  to  run  in  a  continuos  data  collection  mode. 
The  experimental  data  were  transferred  to  a  computer 
for  processing  via  an  IEEE-488  interface. 

In  order  to  measure  the  velocity  distribution  in 
the  shaft,  settler  and  up-take  the  probe  was  moved 
using  a  highly  accurate  three  component  ( x-y-z ) 
traverse  system,  which  was  controlled  by  a  computer 
via  an  RS-232  interface. 

The  BurstWare  2.0  software  package  was  used  to 
collect  all  the  data,  move  the  traverse,  process  the 
data  and  to  present  the  results. 

By  means  of  this  facility  three  series  of 
measurements  were  performed.  First  of  all  the  laser 
beams  were  focused  on  four  median  vertical  r,  z 
planes  crossing  the  reaction  shaft  to  study  the  vertical 
airflow  pattern,  its  asymmetry  and  the  recirculation 
region.  The  radial  axis  was  subdivided  in  twenty  no- 
equally  spaced  sections,  while  in  the  axial  direction  a 
constant  Az  =  30  mm  measurement  step  was  applied. 
Then  the  measurement  volume  was  positioned  on 
transversal  y,  z  planes  in  the  settler  to  investigate  the 
velocity  of  the  air  stream  directed  to  the  up-take. 
Here  a  Ay  =  38.5  mm  x  Az  =  31  mm  experimental 
grid  with  231  nodes  was  used  for  each  transversal 
plane.  Finally,  it  was  considered  the  flow  regime  in 
exit  region  and  the  laser  beams  intersection  was 
placed  on  four  median  vertical  r,  z  planes  crossing  the 
up-take.  Velocity  data  were  collected  employing 


incremental  steps  of  20  mm  for  the  radial  and  36  mm 
for  the  axial  direction. 

In  all  the  experimental  work  a  sample  of 
typically  around  1000  Doppler  bursts  was  taken  for 
each  measurement  point. 


3.  RESULTS  AND  DISCUSSION 
3. 1  Reaction  shaft 

The  axial  vz  and  tangential  v9  components  of 
velocity  for  two  depths  in  the  vertical  r,  z  plane  at  0°, 
180°  are  shown  respectively  in  Figure  3  and  4.  As  is 
expected,  for  an  assigned  depth  below  z  =  60  mm 
(burner  exit)  the  downwards  values  of  vz  are  high  in 
the  central  core  of  the  jet  and  decrease  towards  the 
peripheral  walls,  revealing  a  large  recirculation  zone 
in  the  left  side  of  the  shaft  (0  =  0°).  This  agrees  with 


Fig.  3  Axial  velocities  in  the  reaction  shaft  for  the 
depth  z  =  145  mm  and  z  =  295  mm.  (r  <  0  means 
vertical  plane  0  =  0°,  r  >  0°  means  vertical  plane  0  = 
180°). 
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Fig.  4  Tangential  velocities  in  the  reaction  shaft  for 
the  depth  z  =  145  mm  and  z  =  295  mm.  (r  <  0  means 
vertical  plane  0  =  0°,  r  >  0°  means  vertical  plane  9  = 
180°). 


the  experimental  results  reported  by  Jorgensen  et  al 
(1995)  who  noticed  recirculating  flows  on  both  the 
edges.  We  can  identify  in  the  thin  jet  less,  than  30  + 
40  mm  wide,  a  maximum  velocity  value  of  70  m/s, 
measured  on  the  centerline  for  z  =  145  mm.  Below 
the  roof  and  above  the  burner  exit  the  axial  velocities 
are  lower.  The  tangential  velocity  data  depicted  in 
Figure  4  reveals  a  clockwise  rotation  of  the  fluid  near 
the  centre  of  the  cylinder,  probably  owing  also  to  that 
the  inlet  is  at  an  angle  to  the  shaft.  In  order  to  assess 
the  axisimmetry  of  the  vertical  flow  pattern,  we  can 
compare  the  prior  values  of  axial  velocity  with  the 
data  presented  in  Figure  5  and  plotted  for  the  same 
depths  on  the  plane  r,  z  at  90°,  270°.  We  observe  a 
weaker  upward  flow  only  at  0  =  90°  and  it  is  viewed 
that  the  jet  deviates  forward.  Then  it  is  possible  to 
assert  that  the  jet  moves  forward  and  to  the  right  side 
(angular  sector  between  180°  and  270°),  being  thus 
able  to  enter  the  settler.  Jorgensen  et  al  (1995)  and 


Fig.  5  Axial  velocities  in  the  reaction  shaft  for  the 
depth  z  =  145  mm  and  z  =  295  mm.  (r  <  0  means 
vertical  plane  0  =  90°,  r  >  0°  means  vertical  plane  0  = 
270°). 


Sutalo  et  al  (1994)  observed  principally  a  jet  that 
pointed  away  from  the  burner  to  the  left  side  of  the 
shaft  (0  =  0°).  As  they  used  an  opposite  inlet 
configuration  we  could  attribute  to  it  the  difference  of 
the  results.  Then  we  could  affirm  that  the  flow  regime 
inside  the  shaft  depends  on  the  location  of  the  air  gas 
exit  and  the  position  of  the  inlet.  These  phenomena 
have  a  clear  effect  on  the  air  distribution,  the  particle 
combustion  and  the  drop  drag.  Finally,  an 
examination  of  the  intensity  turbulence,  defined  here 
as  the  ratio  of  standard  deviation  to  mean  velocity, 
indicates  that  the  turbulence  is  lower  at  the  centre  of 
the  shaft  and  it  is  also  not  symmetric. 

3.2  Settler 

Other  important  results  were  obtained  when  the 
air  flow  regime  inside  the  settler  was  studied.  Figure 
6  shows  contours  of  the  component  of  velocity 
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Fig.  6  Contours  of  velocity  in  x  direction  inside  the 
settler  for:  (a)  x  =  85  mm;  (b)  x  =  285  mm;  (c)  x  = 
766  mm. 


parallel  to  the  longitudinal  axis  of  the  settler,  i.e.  in 
the  x  direction.  The  LDA  data  depict  a  channelling  of 
the  flow  towards  the  walls  of  the  settler.  A  strong 
reverse  flow  is  recognized  in  the  inner  area  of  the 


furnace  and  at  the  bottom  the  maximum  mean 
velocity  is  higher  than  5  m/s.  The  existence  of  flow 
channelling  inside  the  settler  may  be  associated  with 
the  drop  drag  characteristic  of  flash  smelting 
processes.  The  previous  vx  values  do  not  permit  the 
totality  of  smelted  drop  to  settle  down,  thus 
explaining  some  lost  of  process  efficiency. 
Furthermore,  the  velocity  contours  for  the  plane  at  x 
=  766  consider  the  fluid  flowing  to  the  exit  region, 
since  that  new  higher  velocity  data  were  collected 
just  below  the  roof  of  the  settler  and  near  the  up-take. 
Finally,  for  the  planes  considered  here  we  noted  a 
peripheral  annular  distribution  of  the  highest  values 
of  turbulence  intensity. 

3.3  Up-take 

The  velocity  field  measured  inside  the  up-take 
demonstrates  the  existence  of  recirculating  flows. 
Our  experimental  work  determines  that  the  vz 
component  is  directed  upwards  on  the  plane  0  =  90°, 
also  it  is  increases  linearly  with  the  radius  and  has  a 
maximum  mean  value  of  1.6  m/s  near  the  wall.  The 
same  pattern  is  observed  for  the  plane  0  =  180°.  On 
the  other  hand,  for  0  =  0°,  270°  vz  is  lower  leading  to 
downwards  velocities  around  the  walls.  It  is 
interesting  to  note  that  the  highest  v6  components  and 
the  vz,  v@  fluctuations  are  measured  close  to  the 
circular  intersection  of  the  cylinder  with  the  downer 
side  of  the  off-gas  exit  duct. 


4.  CONCLUSIONS 


Two  components  of  velocity  were  measured  in  a 
scale  model  of  a  flash  smelting  furnace  by  laser 
Doppler  anemometry.  This  experimental  technique 
proved  to  be  a  useful  tool  in  characterising 
quantitatively  the  fluid  dynamics  in  the  furnace.  The 
obtained  knowledge  on  the  flow  pattern  is 
summarized  as  follows: 

(1)  In  the  reaction  shaft  the  flow  is  axisymmetric  with 
an  external  recirculation  region  near  the  left  side  (0  = 
0°).  The  axial  components  of  velocity  show  that  the 
trajectory  of  the  jet  exiting  the  burner  depends  on  the 
location  of  the  air  gas  exit. 

(2)  Flow  channelling  and  a  central  reverse  flow  are 
observed  inside  the  settler,  where  the  maximum 
velocity  values  are  measured  close  to  the  bottom.  On 
a  plane  perpendicular  to  the  flow  direction  the  LDA 
data  display  an  annular  turbulence  intensity 
distribution. 

(3)  The  velocity  field  in  the  up-take  is  characterized 
by  the  presence  of  recirculating  flows. 


33.5.5 


REFERENCES 

Durst,  F.,  Melling,  A.  &  Whitelaw  J.H.  1981, 
Principles  and  Practice  of  Laser  Doppler 
Anemometrv,  pp.  342-346,  Academic  Press,  London. 

Jorgensen,  F.R.A.,  Elliott,  B.J.,  Koh,  P.T.L.  & 
Nguyen  T.V.  1995,  Modelling  the  Burners  and 
Reaction  Shaft  of  a  Flash  Smelting  Furnace  1995,  in 
Flash  Reaction  Processes,  ed.  T.W.  Davies,  Kluwer 
Academic  Publishers,  Dordrecht,  The  Netherlands. 

Nguyen,  T.V.,  Taylor,  R.N.  &  Hall,  T.P.  1992,  Fluid 
Flow  in  a  Nickel  Flash  Smelter.  Proc.  Aus.  IMM 
Extractive  Metallurgy  of  Gold  and  Base  Metal 
Conference.  Melbourne,  pp.  401-406. 


Smith,  T.N.  1991,  Model  Study  of  Gas  Flow  in 
Kalgoorlie  Nickel  Smelter,  Proc.  Fifth  Aus.  IMM 
Extractive  Metallurgy  Conference,  pp.  245-250. 

Sutalo  I.D.,  Harris  J.A.,  Jorgensen  F.R.A.  &  Gray, 
N.B.  1994,  Model  Studies  of  Transient  Flow  Through 
a  Flash  Smelting  Burner  and  Shaft,  in  Metallurgical 
Processes  for  Early  Twenty-First  Century,  ed.  H.J. 
Sohn,  pp.  823-839,  The  Minerals,  Metals  &  Materials 
Society,  Warrendale,  USA. 

Tanemura,  H.,  Fukunaka,  Y.,  Shimada  T„  Nishihara 
T.  &  Kondo,  Y.  1989,  Transient  Motion  of  Solid 
Particles  Injected  from  a  Nozzle,  Scandinavian 
Journal  of  Metallurgy,  vol.  18,  pp.  99-104. 


33.5.6 


FLOW  IN  A  SCALE  MODEL  OF  THE  FLIXBOURGH  “BY-PASS”  PIPE 


R.  Teng-yang,  K.F.  Sollows  and  J.E.S.  Venart 


Department  of  Mechanical  Engineering  and  Fire  Science  Centre 
University  of  New  Brunswick,  Fredericton,  NB,  Canada 


ABSTRACT 

The  flow  in  a  one-sixth  scale  model  of  the  ‘dog-leg’ 
‘by-pass’  pipe  assembly  of  the  Flixbourgh  chemical  plant  is 
examined  using  laser  Doppler  velocimeter  (LDV),  video  and 
proximeter  displacement  transducers. 

The  Flixbourgh  works  in  the  United  Kingdom  was 
destroyed  by  a  powerful  explosion  twenty-four  years  ago 
(June  1, 1974).  The  cause  of  the  explosion  was  determined  to 
be  the  failure  of  a  temporary  pipe  bridge  (the  ‘dog-leg’  pipe), 
installed  between  two  reactors.  The  installation  had  been  only 
in  operation  for  two  months  prior  to  the  explosion.  The  failure 
of  this  pipe  resulted  in  the  massive  release  of  hot  (150-155  °C 
)  cyclohexane  at  a  pressure  of  0.96  MPA. 

The  subsequent  ignition  of  the  escaped  and 
vaporized  fluid  resulted  in  the  explosion.  The  failure 
mechanism  of  the  dog-leg  pipe  has  been  die  subject  of 
extensive  research  and  controversy.  To  date,  no  failure 
mechanism,  that  did  not  require  excessive  over  pressure,  has 
been  accepted. 

The  present  work  investigates  the  one  possibility 
that  appears  to  have  received  little  consideration  -  that  of  a 
partial  circumferential  fatigue  crack  in  one  of  the  bellows 
supporting  the  ends  of  the  pipe.  In  this  analysis,  the 
approximate  axial,  lateral  and  angular  (rocking)  natural 
frequencies  of  the  pipe  and  bellows  assembly  were 
determined.  These,  scaled  to  the  one-sixth  flow  model  used, 
were  compared  to  flow  frequencies  measured  by  video 
analysis,  LDV,  and  proximeter  displacement  measurements. 

The  results  indicate  that  both  axial  and  lateral  near 
resonance  conditions  could  have  occurred  Such  conditions 
may  have  been  responsible  for  a  fatigue  initiated  two-step 
failure  process  that  is  better  supported  by  the  physical  facts 
and  eyewitness  accounts  and  does  not  require  the  over 
pressure  necessary  for  the  single  step  simultaneous  failure  of 
both  bellows  accepted,  albeit  reluctantly,  by  the  Court  of 
Inquiry. 

1.  INTRODUCTION 

On  June  1,  1974  there  was  a  fire  and  explosion  at 
die  Nypro  (UK)  Ltd.  works  near  Flixbourgh,  Humberside 
(formerly  North  Lincolnshire).  An  accidental  release  of 
cyclohexane  at  8.6  barg.  and  between  150  to  155  °C  resulted 
in  an  unconfined  vapour  cloud  explosion  which  caused  28 
fatalities  and  the  destruction  of  the  plant  as  well  as  severe 
damage  to  many  buildings  in  the  surrounding  countryside 

The  catastrophe  was  initiated  in  section  25A  of  the 
process  stream  during  start-up  while  cyclohexane  feedstock, 
inerted  with  nitrogen,  was  under  hot  recycle,  through  the 
reactor  train,  R1-R6. 


Part  of  the  site  plan  is  shown  in  Fig.  1  (Dept.  Of 
Employment  (1975)). 


Fig.  1.  Site  plan  of  Nypro  works  showing  Section  25A; 
(CFD  simulation  area  (Venart  et  al  (1998(a))  indicated  by 
cross  hatch  with  the  estimated  envelope  of  the  flammable 
cloud,  Sadee  et  al  (1976/77)) 


Fig.  2.  Internal  construction  details  of  the  reactor  vessels , 
Artingstall  (1974). 

In  the  oxidation  sequence  the  fifth  reactor,  R5,  had 
been  removed  and  a  temporary  0.5  m  diameter  pipe-bridge, 
which  used  the  two  original  0.7  m  diameter  bellows  and  stub 
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pipe  assemblies,  had  been  installed  between  R4  and  R6. 

The  reactors  were  fitted  with  interior  overflow  weirs 
and  interior  baffle  plates  to  ensure  level  control  and  bottom 
feed,  proper  oxidation  and  mixing  times  respectively  (Fig.  2). 

The  original  interconnecting  pipes  and  their  bellows 
had  permitted  the  hot  pressurized  feedstock  to  communicate 
by  open  channel  flow  over  the  outlet  weir  in  the  upstream 
reactors,  through  the  bellows  connections,  into  the 
downstream  reactors  with  a  fixed  difference  in  elevation  of 
0.178  m. 

The  adaptation,  however,  doubled  the  head  between 
R4  and  R6  to  0.356  m  and  additionally  resulted  in  two 
hydraulic  jumps  in  the  very  complex  flow  structure  observed 
(F«g-  3). 

The  plant  had  operated  for  two  months,  nearly 
continuously,  since  the  modification  and  before  the  explosion. 

An  official  Court  of  Inquiry  was  appointed  to  hold 
a  formal  investigation  so  “to  establish  the  causes  and 
circumstances  of  the  disaster  and  to  point  out  any  lessons  . . 

. .  to  be  learned  therefrom”  (Dept.  Of  Employment  1975). 
The  essential  problem  faced  by  the  Court  was  “to  determine 
what  had  caused  the  rupture  of  the  by-pass.” 


— fe 

1  Dog-leg  p 

G 

Wei 

**=7  — in 

/  Ba 

Liquid  level 

! 

fl 

i^ 

Fig .  3  Reactor  train,  vessels  R4-R6,  showing  temporary 
by-pass  pipe  (Teng-yang,  ( 1 997)) 

The  possibilities  investigated  were:  “i)  rupture  of 
the  by-pass  assembly  through  internal  pressure;  ii)  rupture  of 
the  assembly  in  two  stages;  a  small  tear  in  the  ( upstream ,  i.e.. 
R4 )  bellows  leading  to  an  escape  and  a  minor  ( but  external) 
explosion  causing  final  rupture;  and  iii)  rupture  of  the  ‘8  inch’ 
line  at  the  50-inch  split  leading  also  to  a  minor  explosion 
causing  rupture  of  the  by-pass  assembly”. 

Processes  ii)  and  iii),  as  stated,  required  an  external 
minor  explosion  to  trigger  events;  no  physical  evidence  for 
such  an  occurrence  could  be  determined  thus  effectively 
limiting  the  possibilities  to  a  consideration  of  i)  only.  Despite 
physical  evidence  of  an  internal,  and  perhaps  prim,  tear  in 
bellows  B4  (i.e.,  process  ii))  and  compelling  eyewitness 
evidence  only  three  paragraphs  in  the  final  report  were 
devoted  to  the  consideration  of  the  two-stage  rupture 
possibility  ii). 

On  the  basis  of  expert  evidence  by  Newiand  (1976), 
based  on  a  dynamic  analysis  and  assessment  of  energy 
requirements  for  both  bellows  to  squirm  and  the  by-pass  pipe 
to  buckle  as  one  event,  the  Court  concluded,  albeit  with  low 
probability,  “that  the  disaster  resulted  from  a  one  stage  failure 
of  the  20-inch  assembly”  ...  as  a  result  “of  conditions  of 
pressure  and  temperature  more  severe  than  any  which  had 
previously  prevailed  but  no  higher  than  careful  and 


conscientious  plant  operators  could  be  expected  to  permit.” 
The  Court  did  however  state  that  this  conclusion  “would  be 
readily  displaced  if  some  (other  event  of)  greater  probability 
to  account  for  the  rupture  could  be  found”. 

Extensive  full  scale  experiments,  which  did  not 
involve  flow,  however,  were  undertaken  in  attempts  to 
reproduce  the  failure.  These  employed  a  similar  pipe 
assembly  as  well  as  other  bellows  tests  evaluated  at  the  same 
and  more  severe  operating  conditions.  These  experiments 
were  unable  to  reproduce  the  failure  process  accepted  by  the 
Court. 

In  view  of  its  hesitant  conclusion  the  cause  of  the 
accident  has  been  the  subject  of  considerable  controversy 
especially  as  to  the  actual  failure  process;  the  amount  of 
cyclohexane  released,  and  whether  the  UVCE  formed  from 
its  release  detonated,  Gugan  (1978). 

In  this  paper  we  examine  the  flow  conditions 
prevailing  in  the  pipe  and  perhaps  necessary  for  the  failure  to 
be  initiated  by  fatigue.  In  this  case  flow  induced  vibration 
causes  a  crack  (know  to  have  been  formed  in  the  R4  bellows) 
to  initiate  a  release  scenario  that  is  perhaps  more  probable 
than  that  accepted,  although  reluctantly,  by  the  Court. 

The  mechanism  proposed  requires  first  a  significant 
tear  in  die  upstream,  B4,  bellows.  This  would  be  followed  by 
a  local  vapour-gas  depressurization  and  the  subsequent  boil- 
up  of  the  now  superheated  and  supersaturated  cyclohexane 
(die  cyclohexane’s  vapour  pressure  is  only  0.5 1  MPa  at  the 
operating  temperature).  The  impact  of  this  rapidly  swelling 
two-phase  fluid  would  result  in  a  head-space  impact  and 
dynamic  over  pressurisation  (Gromles  (1984),  Venart  and 
Ramier  ( 1 998))  immediately  causing  both  the  compression  of 
the  downstream,  B6,  bellows  and  the  upwards  ‘squirm  ‘  of 
the  B4  bellows. 

The  compression  of  B6,  by  this  local  over  pressure, 
constrains  the  dog-leg  pipe  at  its  R6  connection  and  causes 
the  process  of  B4  squirm  to  act  over  the  full  356  mm 
eccentricity.  This  results  in  the  collapse,  by  buckling,  of  the 
0.5  m  pipe  as  the  B4  bellows  bursts  at  its  normal  operating 
pressure. 

This  failure  process  has  twice  the  eccentricity  over 
that  assumed  by  Newiand  and  accepted  by  the  Court;  it  there¬ 
for  only  requires  normal  operating  pressures  and  not  the 
necessary  over-pressure  required  by  the  Court  with  its 
acceptance  of  a  178  mm  eccentricity. 

The  p-V  work  of  the  expanding  two-phase 
cyclohexane  in  the  B4  bellows  and  the  constraint  of  the 
compressed  B6  bellows  results  in  the  formation  of  a  pinched 
and  collapsed  0.5  m  pipe  at  its  lower  miter  bend;  the  B6 
bellows  can,  however,  still  be  intact  at  this  point  though 
some  discharge  could  occur  through  the  0.5  m  pipe  “pinch” 
at  the  buckled  lower  miter  joint 

Because  of  this  sequence  of  events  only  one 
discharge,  the  R4  outlet,  is  available  to  permit  the  discharge 
of  up  to  370  kg/s  of  cyclohexane  for  some  3Q  s.  This 
discharge  of  some  10-15  tonnes  is  much  less  titan  the  30-60 
tonne  estimates  previously  estimated  (Sadee  et  al 
(1976/1977),  Roberts  and  Pritchard  (1982)). 

This  paper  examines  the  flow  within  the  by-pass 
pipe  assembly  using  a  one-sixth  scale  model  of  the  pipe  and 
its  connections.  LDV,  video  and  proximeter  displacement 
measurements  are  combined  with  estimates  of  the  natural 
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frequencies  of  the  bellows  supported  assembly  to  suggest  that 
the  crack  found  in  a  piece  of  the  upstream,  R4,  bellows  may 
have  been  formed  due  to  fatigue  caused  by  flow  induced 
vibration. 

2.  THE  ‘DOG-LEG’  PIPE 

The  design  of  the  ‘dog-leg’  pipe  was  certainly 
inadequate.  According  to  the  Court,  calculations  were  only 
made  to  determine  if  the  pipe  was  large  enough  to  carry  the 
required  floe  and  safely  contain  the  pressure.  The  pressure 
capability  of  the  assembly  as  an  eccentrically  and  internally 
loaded  vessel  was  not  assessed,  nor  were  the  effects  of  the 
changed  flow  and  its  influence  on  the  spring-mass  system 
created  by  the  bellows,  pipe  and  fluid. 

2. 1  The  bellows 

The  two  bellows  had  a  mean  diameter  of  149  mm 
and  were  about  230  mm  long  with  12  convolutions.  They 
were  constructed  by  a  cold  rolling  process  from  sheet  3 1 6L 
stainless  steel  originally  about  1 .2  mm  thick;  the  process  of 
forming  reduced  the  material  thickness  to  about  1  mm.  As 
formed  each  unit  had  axial,  lateral  and  angular  stiffness  in  the 
range  of 2770-3300,  and  43208-5 1475  lbfrin  as  well  as  5226- 
6225  lbf-in/deg  ,  Warner  1975.  Each  bellows  was  welded  to 
304L  stainless  steel  stub  pipes,  which  in  turn  were  bolted  up 
to  heavy  flanged  connections  with  the  reactors  and  the  ‘dog¬ 
leg’  pipe. 

2.2  The  dog-leg  pipe  assembly 

This  dog-leg  pipe  was  fabricated  from  304L 
stainless  steel  pipe  508  mm  in  diameter  some  4.8  mm  thick 
with  two  miter  bends  and  3.91  m  long  (Fig.  3). 

The  complete  empty  assembly,  including  the  stub 
pies  with  their  flanges  and  bolts  weighed  just  over  one  tonne 
(1,112  kg).  Interior  fluid  mass,  taking  into  account  fluid 
distribution,  increased  the  total  weight  to  over  one  and  one 
half  tonnes  (1625  kg).  The  assembly  was  supported,  while 
cold,  with  spans  of  standard  scaffolding;  with  the  thermal 
expansion  of  the  reactors  to  operating  conditions,  support  to 
the  assembly  was  lost  The  natural  frequency  for  such  a 
spring-mass  system  is  in  the  range  of  3-5  Hz  axial,  13-16  Hz 
transverse  and  25-30  Hz  for  the  rocking  mode  and  so  fluid- 
structure  excitation,  parti cul ary  in  the  axial  direction, 
becomes  a  possibility. 

3.  EXPERIMENTAL  FACILITY 

The  flow  in  the  dog-leg  pipe  assembly  was 
determined  using  a  one  sixth  scale  model  and  Froude  number 
scaling.  LDV,  video  and  proximeter  measurements  and 
analysis  were  utilized. 

3.1  Froude  number  scaling 

When  a  flow  is  governed  by  inertia  and  gravity 
forces,  such  as  in  open-channel  flow,  the  applicable 
Dimensionless  parameter  used  to  characterize  the  flow  is  the 
Froude  number.  This  is  expressed  as  the  ratio  of  die  inertia  to 
gravity  forces.  Of  course  in  all  flows  there  will  be  other  forces 
acting  such  that  there  is  more  often  more  than  one 
characteristic  number  that  can  be  utilized  to  characterize  the 


flow,  e.g.  die  Reynolds  and  Strouhal  numbers.  The  conditions 
necessary  to  satisfy  any  two  parameters  are,  however,  usually 
conflicting  or  require  the  use  of  unattainable  modeling  fluids. 
The  accepted  experimental  approach  is  to  select  the  dominant 
number,  in  this  case  die  Froude  number.  Although  the 
conditions  for  say  the  Reynolds  are  violated,  provided  the 
flow  is  turbulent,  reliable  experimental  results  may  still  be 
obtained  from  the  model,  Bakhmeteefef  al  1982. 

Table  1  illustrates  the  Froude  number  model  scales 
employed  for  the  one-sixth  model  employed.  Table  2  shows 
the  calculated  dynamic  characteristics  of  the  model  and 


prototype. 

Characteristic 

Froude  Scaling 

Comments 

&Symbol 

Term 

Ratio 

Length  (L) 

4 

0.167 

- 

Time  (T) 

0.409 

- 

Velocity  (V) 

4“ 

0.409 

- 

Density  (p) 

Pr 

1.55 

- 

Mass(m) 

L/P, 

7.21  x  103 

- 

Frequency  (f) 

L,*3 

2.45 

- 

Discharge 
(vol/sec)  (Q) 

Uu 

0.011 

exp.  ratio: 
0.014 

Kinematic 
viscosity  (v) 

Vs 

0.068 

exp.  ratio: 
3.04 

Force  (F) 

43P, 

7.21  x  10-3 

- 

Pressure  (?) 

4Pr 

0.258 

- 

Table  1.  Froude  number  model  scales 


Parameter 
&  Symbol 

Prototype 

Model 

Scale 

Ratio 

(M/P) 

Velocity  (V) 
(m/s) 

8.3 

3.8 

0.458 

Froude  number 
<Fr) 

12.45 

12.26 

1 : 1 

Reynolds 
number  (R,} 

1.1  x  106 

3.7  xlO*4 

1  : 31 

Table  2.  Dynamic  characteristics  of  model  and  prototype 


3.2  The  model 

The  scale  model  of  the  by-pass  assembly  and  its 
connections  was  fabricated  in  acrylic.  The  model  consisted  of 
two  open  rectangular  channels,  representing  the  up  and  down 
stream  reactors,  connected  together  by  the  model  dog-leg 
pipe.  The  pipe  was  connected  to  the  stub-pipes  of  the 
channels  by  surgical  rubber  cuffs,  representing  the  bellows, 
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and  suspended  from  a  bracket  arrangement  The  three  sections 
of  the  apparatus  are  shown  in  Fig.  4. 

The  components  all  formed  part  of  a  closed  loop 
hydraulic  system  through  which  water  was  circulated  by 
means  of  a  centrifugal  pump. 

The  inlet  channel  (R4)  consisted  of  a  rectangular 
open-top  chamber  constructed  to  represent  reactor  No.4.  The 
size  of  this  chamber  was  500  mm  long  x  250  mm  wide  x  400 
mm  deep.  The  discharge  of  the  circulating  pump  was  led  into 
a  honey-comb  screen  installed  in  the  inlet  channel.  The 
honey-comb  screen  was  installed  to  promote  a  uniform  and 
reasonably  still  inlet  flow  conditions  into  the  overflow  baffle 
and  then  into  the  dog-leg  pipe. 


HEY 

K  Circulating  pump 
84:  Upttraam  elwtie  coupling 
86:  Do««»tr*am  *lo*tlc  coupling 
V:  Pump  d»eftcrge 
G:  Coppur  tubing  {S2  mm  diam.) 
0:  Met  chamMr  tupport 
t:  HonojcomB  i croon 
(•;  HoTibto  hose 


G:  Overdo*  Baffle 
H:  Met  Chamber 
I:  Dog- leg  pipe 
J:  Rectanrpjier  weir  (full-span) 
K;  Outlet  Chamber 
U  Outlet  chomeer  support 
It  Outflow  pips  (PVC) 

N:  Reservoir 


Fig.4  Schematic  of  experimental  facility 


The  experimental  objective  was  to  make  LDV 
measurements  in  the  dog-leg  pipe  section.  Since  the  LDV 
instrumentation  required  optical  access,  this  section  was  also 
constructed  from  acrylic.  The  pipe  was  fabricated  from  three 
sections  of  tube,  4-mm  wall  thickness.  The  inside  diameter  of 
the  pipe  was  83  mm.  The  three  sections  were  glued  together 
to  form  two  mitered  joints.  The  slope  of  the  inclined  section 
of  the  pipe  was  about  21.5°  with  the  centre  line  of  the 
horizontal  section. 

This  pipe  was  installed  between  the  inlet  and  outlet 
channels  at  each  end  by  means  of  elastic  couplings  made  from 
cuffs  of  surgical  rubber.  These  elastic  bands  were  clamped  to 
the  pipe  and  the  stub  pipe  on  each  end.  The  couplings  were 
used  to  represent  the  bellows  in  the  prototype  system. 

The  outlet  channel  was  physically  similar  to  die 
inlet  channel  except  that  die  height  of  the  former  was  about  70 
mm  less  than  that  of  the  latter.  The  dimensions  of  the 
downstream  channel  were  500  mm  long  x  250  mm  wide  x  320 
mm  deep.  A  full-span  rectangular  weir  was  used  to  set  the 
flow  height  in  the  chamber  and  also  used  to  determine  its 
discharge. 

Tap  water  was  used  to  model  the  process  fluid.  The 
physical  properties  of  water  and  cyclohexane  are  compared  in 
Table  3.  The  mean  temperature  of  the  water  was  20°C  ( room 
temperature). 

3.3  LDV  system 

"hie  unit  used  was  a  Dantec  two-component,  four 


beam,  4  watt  argon-ion  laser  system.  The  instrument  was 
operated  in  back  scatter  mode.  The  data  size  varied  from 
3000  to  4000  samples  at  each  measurement  point 

A  dedicated  computer  was  used  for  data 
manipulation  and  analysis.  Special  data  manipulation 
software  (Dantec  SRE  LDA2D  version  3.0a)  was  utilized. 
The  software  determined  die  ensemble  mean  velocity  from 
the  time  history  of  the  particles  activities.  The  local  mean 
flow  velocity  and  other  flow  velocity  statistics  such  as  the 
standard  deviations  were  also  computed. 

The  number  of  data  samples  used  generally  varied 
from  one  measurement  location  to  another.  Each  sample  size, 
however,  was  large  enough  to  give  reliable  statistics  to 
describe  the  flow.  At  the  same  time,  the  size  of  the  sample 
was  small  enough  to  reduce  the  LDV  data  acquisition  time. 
This  latter  consideration  was  important,  particularly  in 
locations,  such  as  on  measurement  plane  1,  where  the  local 
mean  velocities  were  relatively  low.  Between  3000  and 
4000  samples  were  taken  at  each  measurement  point  The 
sampling  time  was  manually  determined  with  a  stop-watch, 
as  the  system  did  not  have  the  necessary  hardware  to  measure 
these  times. 


Parameter 
&  Symbol 

Prototype 

(Cyclohexane) 

Model 

(Water) 

Scale 

Ratio 

(M/P) 

Density1  (p) 
(kg/m3) 

6.45 

998 

1.55 

Kinematic1 
viscosity  (v) 
(m2/s)  x  10'7 

3J06 

10.05 

3.04 

Discharge2  (Q) 
(m3/s)  x  10° 

108 

1.53 

0.014 

Table  3  Dynamic  and  flow  properties  of  the  model  and 
prototype. 

3.4  Pipe  displacement  measuring  device 

In  order  to  determine  the  fluid  structure  interaction 
a  displacement  type  Proxinritor  (Brently  Nevada  Proximitor, 
7200  series)  was  installed  at  two  locations,  at  one  point  to 
determine  axial  displacements,  the  other  location  to  record 
transverse  movement  in  die  vertical  plane. 

Full  details  of  the  model,  its  instrumentation  and 
operation  are  given  in  Teng-yang  (1997). 

4.  MEASUREMENTS 

The  measurement  sections  are  shown  in  Fig.  5.  -To 
obtain  representative  velocity  distributions  along  the 
assembly  the  measurement  planes  were  located  at  or  close  to 
the  following  sections/components:  elastic  couplings  (B4  and 
B6),  sudden  contraction  and  enlargements,  and  the  mitered 
joints.  A  total  of  thirty-three  measurements  locations  were 
investigated  since  at  each  location  LDV  measurements  were 
made  at  three  elevations  in  die  flow;  one  near  the  surface, 
another  near  the  bottom  of  the  channel  and  the  third  at  a  point 
midway  between  the  other  two. 
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Three  flow  cases  were  examined,  one  for  the  scaled 
prototype  full  flow,  another  for  flows  greater  and  smaller  than 
the  scaled  design  flow.  The  discharge  at  design  conditions 
was  estimated  to  be  1 .53  1/s  of  water  corresponding  to  108  1/s 
of  cyclohexane  at  about  150  °C  and  0.96  MPa. 


Ml:  Upstream  mitered  joint 
M2:  Downstream  mitered  joint 
L1.C2.LS:  LDV  measurement  location  No*.  1.2.Je3 
P1..P11:  LDV  measurement  plan*  Nos.  1  to  11 
0:  Water  (test  liquia) 

Fig.  5  Location  of  the  LDV  measurement  planes 


fluctuations  in  the  fire  surface  at  this  location  (plane  3)  was 
determined  from  the  video  analysis  to  be  about  12  to  14%  of 
a  pipe  diameter,  relative  to  the  larger  pipe  of  114  mm 
diameter.  The  frequency  of  these  vertical  oscillations  was 
about  3.75  Hz.  as  determined  from  frame  by  frame  video 
analysis. 

Beyond  plane  3,  die  flow  accelerates  from  a 
subcritical  to  supercritical  state  as  it  enters  the  inclined 
section.  Under  the  design  conditions,  the  pipe  here  was 
flowing  about  half  full.  This  flow  next  plunges  into  the  lower 
section  of  the  pipe  after  the  lower  miter  bend,  decelerates  and 
forms  a  hydraulic  jump.  The  fluctuations  of  the  free  surface 
that  accompanied  die  jump  were  estimated  (again  from  video 
analysis)  to  be  between  35  and  65  percent  pipe  diameters 
based  upon  the  smaller  pipe  diameter  The  frequency  of 
oscillation  was  estimated  to  range  from  2.7  to  6.0  Hz  in  the 
vertical  direction  and  3.0  to  3.8  Hz  in  the  axial  direction.. 

Although  the  pipe  flowed  full  downstream  of  the 
jump  most  of  the  time,  occasionally  a  “long”  bubble  was 
observed  to  form.  This  bubble  was  observed  to  axially  slug 
and  oscillate  in  the  pipe  as  it  proceeded  to  die  outlet  chamber. 
The  interaction  of  these  fluctuations  with  the  pipe  resulted  in 
considerable  pipe  oscillation  due  to  fluid-structure 
interaction. 


The  bellows  were  simulated  by  elastic  rubber  cuffs 
that  did  not  scale  in  stiffness  to  those  on  the  prototype.  To  a 
first  order  approximation,  however,  the  pipe  could  be 
considered  to  oscillate,  in  the  axial  direction,  freely  and  its 
natural  frequency  determined.  The  natural  axial  and  transverse 
frequencies  of  the  pipe  assembly,  as  estimated  from  the 
proximiter  displacement  waveforms  obtained  with  the  pipe 
empty,  were  5  and  7  Hz  respectively. 

4.1  Qualitative  description  of  the  flow 

The  flow  from  the  Inlet  chamber  passes  over  the 
overflow  baffle  in  the  form  of  a  ‘waterfall’  into  the  entrance 
region  of  the  pipe.  Here  the  flow  accelerates  and  plunges  into 
the  pool  formed  at  its  base.  The  flow  then  travels  past  the 
upstream  stub  pipe  and  its  adjacent  junction  piece  between  the 
pipe  bridge  into  Plane  3  (Fig.  5).  The  reduction  in  pipe 
diameter  at  this  section  results  in  a  flow  restriction,  level 
increase  and  fluctuations  of  the  free  surface  of  the  flow. 
Beyond  this  point  within  the  now  smaller  diameter  pipe  there 
is  flow  acceleration  as  it  approaches  the  upstream  miter  joint, 
where  it  attains  its  greatest  velocity,  with  little  variation  in  its 
free  surface.  A  hydraulic  jump  is  next  formed  at  the  base  of 
the  incline  at  the  lower  miter  joint  This  jump  is  characterized 
by  arise  in  the  depth  of  flow,  and  significant  oscillations,  both 
axial  and  vertically,  in  the  flow.  Downstream  of  die  jump,  the 
flow  decelerates  and  fills  the  pipe  flowing  into  the  lower  stub 
end  pipe  into  the  outlet  reservoir.  Like  its  upstream 
counterpart,  this  end  of  the  pipe  was  observed  to  oscillate  bo* 
axially  and  laterally  with  the  flow. 

The  entrance  region  of  the  pipe  (PI)  was  located 
about  57  mm  below  overflow  baffle.  Here,  very  high 
recirculation  and  mixing  was  observed.  The  rapid  mixing  was 
characterized  by  bo*  axial  and  transverse  oscillations  in  *e 
flow,  *e  effect  of  which  appeared  to  cause  *e  pipe  to 
oscillate. 

Vertical  flow  fluctuations  were  also  evident  at  *e 
change  of  section  after  *e  simulated  bellows.  The 


4.2  Velocity  measurements 

The  raw  flow  velocity  data  obtained  from  the  LDV 
measurements  were  stored  on  disk.  Due  to  hardware 
limitations,  *e  system  could  not  measure  *e  exact  sampling 
time  intervals  between  Doppler  bursts.  Since  this  information 
was  needed  to  estimate  the  frequency  response  of  *e 
instrument,  it  was  estimated  by  measuring  the  total  time  for 
data  collection  at  a  measuring  point  using  a  stop  watch  and 
dividing  this  time  by  the  number  of  samples  obtained.  A 
uniform  temporal  sample  rate  was  thus  assumed. 

4.2.1  Velocity  statistics 

The  summary  statistics  of  the  measured  velocities 
are  presented  in  Fig.  6  to  10  for  only  *e  design  flow  case. 
The  detailed  measurements  and  their  treatment  is  to  be  found 
in  Teng-yang  1997.  The  statistics  were  determined  by  *e 
LDV  data  analysis  unit  from  the  probability  distribution 
functions  (pdf)  of  the  sample  data  The  summary  results  use 
*e  four  statistical  measures  of  the  measurement;  *e  mean, 
standard  deviation,  skewness  and  kurtosis.  Turbulent 
intensities  were  estimated  by  dividing  the  velocity  fluctuation 
(ims  values)  by  the  corresponding  mean  velocity  at  a  given 
point.. 

The  mean  velocity  from  the  summary  results  are 
plotted  in  Fig.  6.  In  this  figure,  the  velocity  is  plotted  as  a 
function  of  the  measurement  plane.  The  three  bars  represent 
the  velocity  measurements  at  the  first,  second  and  third 
measurement  points  for  the  respective  plane.  The  dashed 
lines  represent  the  arithmetic  average  of  the  mean  velocities. 
These  lines  approximately  define  the  envelope  of  the 
velocities  at  the  measurement  points.  In  some  cases  only 
restricted  numbers  of  measurement  planes  could  be  accessed. 
No  measurements  were  made  at  PI  1. 

The  root  mean  square  (rms)  values  are  indicated  in 

Fig.  7. 
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The  skewness  of  the  velocity  distribution  in  the 
summary  statistics  were  also  plotted  (Fig.  8).  The  last 
statistical  moment  plotted  from  the  summary  results  was  the 
kurtosis  (Fig..9) . 

In  order  to  enhance  considerations  of  the  flows,  the 
degree  of  turbulence  was  also  plotted.  The  turbulence 
intensities  were  obtained  by  dividing  the  velocity  fluctuation 
(rms  values)  by  the  corresponding  mean  velocity  at  the  given 
point  (Fig.  10). 


Fig.  6  Mean  velocity,  design  flow 


Fig.  7  Velocity  fluctuations,  design  flow 
4.3  Pipe  displacements 

Information  about  the  frequency  constituents  of  the 
pipe  displacements  were  also  obtained  from  analysis  of  the 
raw  proximiter  data.  This  information  was  obtained  by 
processing  the  raw  data  in  VU-POINT  (1992).  The  data  was 
imported  into  VU-POINT  and  fast  Fourier  transformed  (FFT). 


The  dominant  frequency  components  obtained  by 
the  fast  Fourier  analysis  represent  the  induced  excitations 
imposed  on  the  pipe  assembly  by  the  flow;  these  are  indicated 
in  Table  4  for  the  design  flow  case  only.  It  can  be  seen  that 
significant  amplitude  deflections  occur  in  both  the  axial  and 
lateral  vibrational  modes  for  the  pipe  at  2.4,  5.4  and  7.3  Hz. 
These  values  correspond  to  prototype  frequencies  of  1,  2.2 
and  3  Hz  and  are  thus  close  to  some  of  the  natural  frequencies 
of  the  assembly. 


Fig.  10  Turbulent  intensity,  design  flow 
5.  DISCUSSION 

The  measurement  data  was  presented  in  die 
preceeding  section..  Here,  the  data  are  analyzed  and 
discussed.  First  a  discussion  of  the  velocity  data  will  point 
out  how  these  may  be  used  in  an  examination  of  the  fatigue 
life  of  the  prototype  bellows.  The  results  of  the  frequency 
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analysis  arc  also  discussed  in  order  to  identify  possible 
resonance  frequencies. 


Flow 

Cooflgaratlon 

Axtal 

Lotertl 

Freq. 

(Ha) 

Amp. 

Freq. 

(Ha) 

Amp. 

(mm) 

2.4 

0.243 

2.4 

134 

5.4 

0.310 

5.4 

1.15 

Design  Flow 

7.3 

1.16 

1S.1 

0.251 

(1.53  liter/s) 

10.3 

0.603 

21.0 

0.171 

17.6 

0.209 

- 

- 

35.2 

0.241 

- 

- 

Table  4  Frequency  components  of  pipe  displacement, 
design  flow 

5. 1  Velocity  data 

Since  the  summary  data  arc  similar  for  all  the 
three  flow  cases  considered,  we  shall  limit  our  analysis  to 
the  design  flow  condition.  The  velocity  measurements  for 
this  case,  are  illustrated  in  Figs.  6  to  10.  For  convenience 
the  measurement  planes  are  divided  into  three  sections: 
Sections  1  to  3.  Section  1  consists  of  Planes  1  to  3,  Section 
2:  from  Planes  4  to  9,  and  Section  3  of  Planes  10  and  11. 

The  measurements  indicate  subcritical  flow  in 
Section  1;  the  maximum  mean  velocity  measured  there  was 
about  0.49  m/s  for  the  model,  about  0.1  m/s  less  than  the 
critical  velocity  of  0.59  m/s.  The  flow  turned  supercritical  in 
Section  2,  where  the  velocity  was  0.90  m/s;  the  maximum  in 
die  measurements  (Plane  6).  The  range  of  the  mean  velocities 
at  Plane  4  was  between  0.50  and  0.63  m/s,  which  suggests 
critical  conditions  around  this  location.  The  flow  turned 
subcritical  again  in  Section  3  after  the  hydraulic  jump.  The 
lowest  velocity  measured  in  this  section  was  about  0.28  m/s. 
The  mean  velocity  distribution  for  Case  1  is  graphically 
depicted  in  Fig.6. 

The  distribution  of  the  velocity  is  reflected  in  the 
velocity  fluctuation  (mas  values)  plot  (Fig.7).  Comparing 
Figs.6  and  7,  it  can  be  seen  that  the  ‘peaks’  and  “valleys”  of 
one  are  reversed  on  the  other.  Physically,  this  means  that  in 
the  subcritical  regions  of  the  flow,  velocity  fluctuations  are 
high.  In  contrast,  the  high  velocity  region  (Planes  4  to  6)  is 
characterized  by  low  velocity  fluctuations.  Thus,  in  the 
subcritical  regions  of  the  flow  (Sections  1  and  3),  relatively 
high  velocity  fluctuations  (about  0.11  to  0.17  m/s  about  the 
mean  velocity)  were  observed.  On  the  other  hand,  the 
velocity  fluctuations  in  the  supercritical  region  (Section  2) 
were  between  0.06  and  0.07  m/s  of  the  mean  velocity. 

5X1  Discussion 

The  analysis  of  die  mean  velocity  and  velocity 
fluctuations  are  consistent  with  the  visual  observations  made 
(hiring  the  measurements.  Based  on  the  analysis  of  die  flow 
presented  above,  a  possible  origin  of  the  excitation  force  may 
be  attributed  to  velocity  fluctuations. in  the  flow. 

The  type  of  distribution  of  the  data  can  be  inferred 
from  values  of  the  skewness  and  kurtosis  for  the  velocity 


measurements.  Graphs  of  the  skewness  and  kurtosis  for  the 
measurements  are  shown  in  Figs.8  and  9  respectively.  The 
kurtosis  profile  (Fig.  9)  generally  indicates  an  average 
kurtosis  of  about  three.  This  implies  that,  for  most  of  the 
measurements,  the  velocity  distribution  was  approximately 
normal.  The  tendency  of  the  velocities  towards  a  normal 
distribution  profile  was  correlated  fairly  well  by  the  skewness 
values. 

Assuming  a  confidence  limit  of  95  percent  (two 
standard  deviations),  the  maximum  the  velocity  fluctuation 
would  be  about  ±0.84  m/s  about  the  mean  velocity  at 
location  2  on  measurement  plane  1.  The  fluctuating  pressure 
corresponding  to  this  velocity  was  estimated  from  equation 
( 1 . 1)  to  be  about  1 .4  kPa  for  the  prototype.  The  fluctuating 
stresses  associated  with  this  pressure  fluctuation  were  also 
determined.  The  stress  range  due  to  the  pressure,  and  would 
have  been  about  1.3  MPA  for  the  meridional  membrane 
stress,  and  about  1 .2  MPA  for  die  meridional  bending  stress 
in  the  bellows. 

Other  factors  can  also  contribute  to  pipe  oscillation. 
Oscillations  can  be  amplified  by  flow  level  variations 
generated  by  the  drop  at  the  entrance  region  of  the  pipe.  The 
entrance  region  of  this  pipe  was  located  at  the  base  of  the 
overflow  baffle  in  the  inlet  chamber,  only  0.46  pipe 
diameters  downstream  of  the  bellows. 

The  base  of  drops  are  characterized  by  high  flow 
oscillations.  Energy  losses  associated  with  drops  have  been 
experimentally  investigated  by  Rajaratnam  and  Chamani 
(1995).  They  found  that  the  loss  at  a  drop  was  mainly  due  to 
intense  mixing  of  the  jet  with  the  pool  behind  it.  In  the 
mixing  zone,  the  flow  was  found  to  be  highly  fluctuating, 
with  flow  recirculation.  An  important  observation  by 
Chamani  et  al  was  that  the  falling  jet  was  oscillating,  the 
degree  of  oscillation  being  dependent  on  die  ratio  of  the  drop 
height  to  the  critical  depth  of  the  flow  approaching  flow. 
Chamani  et  al  found  the  frequency  of  oscillation  of  the  flow 
to  be  7.5  Hz,  for  a  critical  depth  to  drop  height  ratio  of 
between  0.06  to  035.  For  our  experimental  model,  this  ratio 
was  determined  to  be  about  0. 13,  well  within  the  range  of  the 
ratios  considered.  Consequently,  we  can  expect  flow 
oscillations  in  the  neighborhood  of  7.5  Hz  at  Plane  1  due  to 
the  drop  .  The  effect  of  this  induced  frequency  can  only  be 
to  accentuate  the  pipe  oscillations  since  it  is  close  to  the 
natural  axial  frequency  of  the  assembly. 

The  hydraulic  jump  formed  at  the  foot  of  the 
incline  pipe  section  could  also  act  as  another  source  of 
excitation  for  the  pipe.  The  formation  of  a  jump  is 
accompanied  by  high  turbulence  and  flow  oscillations.  The 
frequency  of  the  oscillating  flow  was  determined  from  video 
analysis  to  be  in  the  range  2.73  to  6.0  Hz  in  the  vertical 
direction,  and  3.0  to  3.75  Hz  in  the  transverse  direction.  This 
frequency  range  was  significant  in  contributing  to  the  pipe 
movement  The  effect  of  change  of  the  pipe  section  was 
similar  to  the  hydraulic  jump.  The  continuous  impact  of  the 
water  on  the  annulus  between  the  large  and  small  pipes,  due 
to  die  fluctuating  water  level,  would  further  induce  pipe 
oscillation. 

6.3  Analysis  of  the  Flow-induced  Oscillations 

A  substantial  fraction  of  the  flow  variation  occurs 
at  the  low  end  of  the  frequency  spectrum.  The  power 
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spectrum  exhibits  a  decline  with  high  frequencies.  These 
local  peaks  are  visible  at  1.6, 5.7,  and  6.8  Hz  respectively. 

Frequency  analysis  of  the  pipe  displacement 
indicated  that  greater  energies  were  also  associated  with 
oscillations  also  at  the  low  region  of  the  frequency  spectrum 
This  region  of  high  energy  components  was  located 
approximately  between  0  and  25  Hz  with  most  of  the  energy 
concentrated  at  frequencies  about  2.5, 7.5,  and  10  Hz. 

The  natural  frequencies  of  the  model  pipe  assembly 
were  measured  in  this  experiment.  The  axial  and  lateral 
frequencies  were  found  to  be  about  5  and  7  Hz  respectively. 
The  fact  that  these  frequencies  are  low  indicates  these  modes 
are  excitable  by  the  flow  whose  fluctuating  frequency  is  also 
low. 

The  natural  frequencies  of  the  full-scale  dog-leg 
assembly  were  estimated  to  be  between  3-5, 16,  and  28  Hz  for 
the  axial,  lateral,  and  rocking  frequencies.  These  calculated 
frequencies  are  based  on  a  very  much  simplified  model  of  the 
dog-leg  pipe  in  which  it  is  replaced  by  a  single  section  of 
equal  weigh.  For  this  reason,  the  calculated  natural 
frequencies  should  be  considered  only  as  a  guide  to  the  order 
of  values  expected. 

The  flow  frequencies  identified  above  can  be  scaled 
to  the  full-size  dog-leg  pipe  assembly.  The  full-scale 
excitation  frequencies  corresponding  to  the  observed  local 
peaks  in  the  model  test  are  approximately  0.6,  2.3,  and  2.8 
Hz.  These  are  sufficiently  close  to  the  estimated  natural 
frequencies  of  the  dog-leg  pipe  assembly  to  suggest  that  flow 
induced  vibration  of  the  assembly  may  have  been  significant. 

6.  CONCLUSION 

In  this  work,  a  one-sixth  scale  model  was  used  to 
study  the  flow  in  the  Flixborough  dog-leg  pipe  assembly.  The 
flow  model  was  based  on  Froude  number  scaling,  using  water 
as  the  test  fluid.  LDV  measurements  of  the  stream  wise  flow 
velocities  were  made  at  key  locations  along  the  pipe.  The 
velocity  and  velocity  fluctuations  were  determined  from  the 
statistical  measures  of  the  flow.  The  nature  of  the  velocity 
distribution  of  the  flow  was  examined  from  plots  of  the 
measured  velocity  data. 

Proximitor  measurements  of  die  displacement  of  the 
pipe  were  also  made  to  determine  the  frequency  of  the  system 
with  flow  in  the  pipe.  Significant  frequencies  of  the 
proximitor  data  were  compared  with  determined  natural 
frequencies  (axial,  lateral,  and  angular)  of  the  bellows  scaled 
for  die  model.  A  comparison  was  made  to  determine  if  any  of 
the  system  frequencies  (with  flow)  was  close  to  the  natural 
frequency  of  the  bellows  to  create  resonance  conditions. 
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ABSTRACT 

A  method  is  established  for  performing 
instantaneous  quantitative  unseeded  molecular 
velocimetry  imaging  and  profiling  in  airflows.  The 
method  is  called  Ozone  Tagging  Velocimetry  or 
OTV.  OTV  has  several  advantages  over  other  laser- 
based  velocimetry  techniques.  Major  advantages 
include  the  abilities  to:  perform  the  measurement 
without  the  addition  of  any  foreign  seed  particles  or 
chemicals,  probe  flows  of  variable  relative  humidity, 
quantitatively  and  simultaneously  visualize  small  and 
large  scale  flow  structures,  affect  the  measurements 
in  real  time,  and  cover  a  large  dynamic  range  of 
velocities. 

The  OTV  method  is  a  time-of-flight  velocimetry 
technique.  OTV  measurements  are  initiated  by 
photochemically  marking  an  airflow  with  an  ozone 
(03)  tracer  generated  by  a  pulse  of  light  from  a 
narrowband  ultraviolet  (UV)  laser.  The  relatively 
stable  ozone  marker  is  displaced  by  convection  with 
the  flow.  At  a  later  time,  a  second  narrowband  UV 
laser  photodissociates  the  ozone  markers.  The 
displacement  is  readily  observed  from  the  laser- 
induced  fluorescence  (LIF)  of  the  molecular  oxygen 
photoproducts.  The  velocity  is  calculated  from  the 
observed  displacement  of  the  marked  volume  over 
the  time  interval  between  the  two  laser  pulses. 

1.  INTRODUCTION 

Although  laser  diagnostic  technology  exists  for 
the  measurement  of  flow  field  parameters  such  as 
temperature  and  concentration,  methods  for  obtaining 
routine  nonintrusive,  unseeded  quantitative 
velocimetry  profiles  and  images  have  been  elusive. 
In  general,  single  point  and  multiple  point,  planar, 
velocity  measurements  using  seeding  techniques  are 
now  commonly  employed  (Drain,  1980;  Adrian, 
1991;  McKenzie,  1995),  however,  the  drawbacks 
associated  with  seeding  flows  with  foreign  materials 
cause  several  concerns.  These  problems  include:  the 
additional  cost  and  complexity  associated  with 
uniformly  seeding  large  area  high  volumetric  flow 


rates,  the  toxic  environmental  issues  of  some  seed 
chemicals,  the  corrosive  nature  of  specific  seed 
species  on  flow  facility  components,  and  the  inability 
of  seed  particles  to  accurately  track  flows  across 
steep  gradients.  These  reasons  have  provided  ample 
motivation  for  investigating  unseeded  molecular 
velocimetry  methods. 

Several  molecular-based  methods  using  ambient 
flow  constituents  have  been  developed  to  alleviate 
the  problems  associated  with  seeding  flows.  In 
practice,  many  of  these  methods  exhibit  a  new  set  of 
drawbacks.  For  example,  Doppler-based  methods 
suffer  from  poor  dynamic  range  and  yield  large 
measurement  errors  in  the  lower  velocity  limits. 
Certain  molecular  flow  tags  are  susceptible  to 
chemical  depletion,  as  is  the  case  for  O2  RELIEF 
(Miles  and  Lempert,  1997)  and  OH  (Boedeker,  1989) 
flow  tagging.  Furthermore,  the  non-linear  laser 
techniques  used  to  implement  some  of  these 
alternative  methods  preclude  their  use  in  quantitative 
imaging  applications. 

The  new  method  of  OTV  addresses  several  of 
the  problems  stated  above  (Pitz  et  al.,  1996).  This 
paper  outlines  the  current  state-of-the-art  in  OTV 
measurements.  The  majority  of  this  work  has  been 
an  ongoing  collaboration  between  MetroLaser,  Inc. 
and  Vanderbilt  University.  The  work  has  proceeded 
on  two  parallel  courses:  theoretical  and  experimental. 
We  first  discuss  the  OTV  conceptual  approach.  We 
then  cover  specific  experimental  details.  Theoretical 
and  experimental  results  are  then  presented.  The 
results  are  followed  by  a  discussion  concerning 
measurement  resolution. 

2.  APPROACH 

The  OTV  concept  is  divided  into  two  simple  to 
understand  steps:  “writing”  and  “reading.”  The  two 
step  concept  is  shown  in  Figure  1.  The  goal  of  the 
initial  step  is  to  mark  the  airflow  with  a  long-lived 
molecular  tag.  For  OTV  flow  tagging,  the  tag  is  a 
volume  of  ozone  molecules.  This  is  the  “writing” 
step  and  the  general  mechanism  is  summarized  in  the 
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following  sequence  of  photochemical  reactions: 

02(X3Z-g,  v"  =  0)  +  hvA-193  nm  -»  20(3P)  (Rl) 

O  (3P)  +  02  +  M  — >  03  +  M  (R2) 

where  M=N2  or  02.  The  photodissociation  of 
molecular  oxygen  is  initiated  by  the  absorption  of  a 
193  nm  photon.  Ozone  is  produced  as  a  result  of  the 
three  body  reaction  between  one  of  the  atomic 
oxygen  photoproducts,  molecular  oxygen,  and  a  non¬ 
reacting  collision  partner,  either  N2  or  02. 

The  initial  position  of  the  marker  may  be 
observed  from  the  LIF  signal  originating  from  the  02 
(4-0)  Schumann-Runge  (SR)  band  excitation  or  from 
Rayleigh  scattering  at  -  193  nm.  The  predissociation 
rate  of  reaction  Rl  is  approximately  1011  s'1  (Laufer 
et  al.,  1990),  and,  therefore,  the  production  of  the 
ozone  marker  is  dictated  by  the  relatively  slow  three 
body  reaction  rate  of  reaction  R2  which  is  5.7  x  10' 
m6/s  at  room  temperature  (Freisinger  et  al.,  1989). 
For  T  =  300  K  and  P  =  1  atm,  the  ozone  induction 
time  is  estimated  to  be: 

x02  =  l/(k2n02nN2)  =  20  us,  ( 1 ) 

where  n;  is  the  ith  species  number  density. 

The  goal  of  the  “reading”  step  in  the  OTV 
method  is  to  interrogate  the  displacement  of  the  flow 
marked  by  ozone.  The  reading  step  is  summarized  as 
follows: 

O3  +  hVx=248  r.m~^0  (3P)  +  02  (X  ZTg,  v>0)  (R3) 

After  a  set  time  delay,  the  ozone  marker  is 
photodissociated  by  illumination  with  a  248  nm  laser. 
The  minimum  recommended  time  delay  of  20  ps  is  a 
function  of  the  ozone  induction  time.  The  resultant 
photoproducts  are  atomic  oxygen  and  vibrationally 
excited  molecular  oxygen.  An  appreciable  population 
of  the  “hot”  02  resides  in  the  v"  =  6  and  7  vibrational 
levels.  The  displacement  of  the  marker  is  observed 
by  LIF  of  the  vibrationally  excited  molecular  oxygen. 

02  (XsZ~g,v"=6,7)  +  hv*=24s„ra“>02  (B32T „,v'=0,2)  (R4) 


The  LIF  emission  is  collected  with  a  filtered 
intensified  CCD  camera.  The  choice  of  which  band 
to  excite  and  which  filters  to  use  depends  on 
equipment  availability,  measurement  geometry,  and 
degree  of  scattered  light  interference. 

1.  “WRITING” 


Tagged  Line  Displaced  Line 

(to)  (to  +  M) 

Figure  1.  OTV  two  step  concept. 

3.  EXPERIMENT 

For  optimum  velocity  measurement  accuracy, 
two  separately  tunable  narrowband  excimer  lasers  are 
used.  The  apparatus  is  depicted  in  Figure  2.  In  a 
typical  configuration,  the  beam  from  the  writing  laser 
is  split  and  redirected  to  form  a  cross  in  the  flow 
field.  The  beam  from  the  reading  laser  is  expanded 
into  a  thick  sheet  and  illuminates  the  flow  in  the 
vicinity  of  or  slightly  downstream  of  the  initial 
marker.  The  writing  laser  is  a  Lambda-Physik 
COMPex-150T  (-0.003  nm  linewidth  tunable  from 
192.5  to  193.5  nm)  configured  for  narrowband  ArF 
operation.  The  reading  laser  is  a  Lambda-Physik 
EMG-160T  MSC  (-0.001  nm  linewidth  tunable  from 
248  to  249  nm)  configured  for  narrowband  KrF 
operation.  The  detector  system  is  a  single  Princeton 
Instruments  576  x  384  intensified  CCD  camera 
coupled  with  a  Nikon  UV  camera  lens.  A  third 
velocity  component  may  be  observed  with  the 
addition  of  a  second  camera. 


Figure  2.  OTV  experimental  apparatus. 
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RESULTS 


A  0.5%  acetone  in  water  liquid  filter  (McKenzie, 
1993)  in  series  with  an  interference  notch  filter 
(Laseroptik  GmbH,  0°  incidence  notch  filter)  greatly 
attenuates  the  248  nm  scatter  from  the  KrF  read  laser, 
yet  allows  observation  of  the  initial  write  position. 
For  situations  where  either  scattered  light  at  193  nm 
is  a  problem,  or  where  the  initial  position  can  be 
reliably  measured  from  the  beam  geometry,  a  single 
carbon  tetrachloride  (CC14)  liquid  filter  performs 
well.  Figures  3,  4,  and  5  show  the  transmission 
spectra  for  the  acetone/water,  interference  notch,  and 
carbon  tetrachloride  filters,  respectively. 


liquid  filters.  10  mm  path  length. 


wavlength  (nm) 


Figure  4.  Transmission  spectrum  for  the  notch 
interference  filter  centered  at  248  nm. 


Figure  5.  Transmission  spectrum  for  carbon 
tetrachloride  filter.  10  mm  path  length. 


4. 

The  development  of  the  OTV  method  progressed 
on  two  fronts:  theoretical  and  experimental. 
Modeling  of  the  ozone  kinetics  is  important  for 
defining  the  operating  envelope  of  the  OTV  method. 
To  predict  03  concentration  as  a  function  of  time,  we 
used  the  Chemkin-II  thermodynamic  database  and  the 
Senkin  chemical  kinetics  solver  (Lutz  et  al.,  1988). 
These  calculations  employed  a  set  of  1 16  reversible 
reactions. 


Time  (s) 

Figure  6.  Steady  state  ozone  concentrations 
calculated  for  dry,  humid,  and  polluted  initial  air 
conditions. 

The  Senkin  code  is  used  to  predict  the  amount  of 
ozone  formed  under  a  given  set  of  initial  conditions. 
Figure  6  shows  the  results  for  three  specific 
conditions  corresponding  to  dry  air  (79%  N2  and  21% 
02),  humid  air  (3.5%  H20),  and  polluted  air  (3.5% 
H20  and  100  ppm  NO)  each  at  T  =  300  K  and  P  =  1 
atm.  We  assume  that  1%  of  the  02  is 
photodissociated  into  oxygen  (O)  atoms. 

The  results  show  that  the  steady  state 
concentrations  of  the  ozone  markers  are  only  slightly 
reduced  under  humid  or  polluted  conditions,  and 
therefore,  ozone  molecules  provide  a  very  stable, 
long-lived  flow  tag.  Additionally,  Figure  6  shows 
that  for  a  delay  of  20  ps,  the  ozone  concentration  is 
above  50%  of  its  peak  steady  state  concentration. 
This  result  is  in  agreement  with  our  first  order 
estimates  based  solely  on  reaction  R2. 

For  ambient  conditions  consisting  of  dry  air  at 
standard  temperature  and  pressure  (STP)  and  an 
estimated  initial  atomic  oxygen  concentration  of  4200 
ppm  corresponding  to  1%  02  photo-dissociation,  a 
steady  state  03  concentration  of  ~  3300  ppm  is 
predicted  to  occur  at  -  1  msec.  This  03  level  is 
expected  to  persist  for  at  least  100  msec.  Both  these 
predictions  attest  to  the  rapid  induction  and  relatively 
long  chemical  lifetime  of  the  ozone  markers. 

As  the  temperature  of  the  ambient  conditions 
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increases,  a  decrease  in  the  estimated  steady  state 
concentrations  and  lifetimes  of  O3  is  observed. 
Figure  7  shows  these  effects  for  four  different 
temperature/pressure  conditions. 


Figure  7.  Ozone  concentration  calculated  for 
various  temperatures  and  pressures  for  dry,  clean 
air. 


At  500  K  and  1  atm,  the  peak  concentration  has 
dropped  to  -  600  ppm,  thus  providing  only  16%  of 
the  OTV  signal  expected  under  STP  conditions.  This 
decrease  is  in  addition  to  that  expected  from  the 
decrease  in  total  density  with  temperature.  The 
expected  signal  loss  and  lifetime  decrease  are  even 
more  severe  at  a  temperature  of  600  K  and  a  pressure 
of  1  atm,  thus  precluding  OTV  from  measurements  in 
high  temperature  combusting  flows. 

Although  it  appears  that  high  temperatures  are 
detrimental  to  03  production,  it  is  clear  that  increased 
pressures  benefit  03  production  by  increasing  the 
probability  for  termolecular  ozone  producing 
collisions  during  the  writing  step.  At  2  atm  and  500 
K,  the  steady  state  03  concentration  exceeds  1000 
ppm,  therefore,  under  certain  conditions,  the 
detrimental  effects  of  high  temperature  may  be  offset 
by  the  benefits  of  elevated  pressures. 

While  calculations  lend  confidence  in  defining  the 
range  of  applicability  for  the  OTV  method, 
experiments  demonstrate  the  high  quality  and  utility 
of  single-shot  OTV  imaging.  Single  shot  imaging 
capabilities  are  evident  in  OTV  measurements  taken 
in  air  flows  exhibiting  simultaneous  regions  of  planar 
and  vortical  velocity  structure.  A  27  mm  diameter 
nozzle  was  attached  to  a  loudspeaker.  The 
loudspeaker  was  driven  with  a  1  Hz  square  wave. 
The  piston  action  of  the  loudspeaker  against  the 
nozzle  produced  a  cylindrically-symmetric  flow 
bounded  by  mushroom-shaped  vortices.  The  cross 
formed  by  the  two  write  beams  provides  an 
unambiguous  reference  point.  As  shown  in  Figure  8, 


the  8  mm  displacement  of  the  cross  center  during  the 
4  msec  delay  yields  a  velocity  of  2  m/sec.  The 
position  of  the  marker  at  zero  time  delay  is 
determined  by  removing  the  butyl  acetate  filter  and 
recording  the  02  fluorescence  excited  at  -  193  nm. 


Figure  8.  Single  shot  OTV  image  of  an  air  flow 
exhibiting  vortex  structure. 

5.  DISCUSSION 

We  perform  an  uncertainty  analysis  with  a  1% 
target  uncertainty  in  the  velocity  measurement. 
Molecular  diffusion  can  broaden  the  ozone  tagged 
line.  We  begin  by  noting  that  diffusional  spread  of  a 
tag  line,  assuming  a  Gaussian  profile  writing  beam, 
can  be  expressed  as  (Miles  et  al.,  1991): 

fwhm(t)  =  (8tDln2  +  fwhm02)1/2,  (2) 

where  fwhm(t)  denotes  the  full  width  at  half 
maximum  of  the  tagged  line,  and  fwhmo  is  that  line  s 
initial  width.  The  molecular  diffusivity,  D,  of  ozone 
amounts  to  -  0.2  cmV1  at  ambient  conditions. 

The  numerical  significance  of  fwhm(t)  becomes 
clear  if  we  first  express  the  uncertainty  in  the  tag 
displacement  measurement  using  established 
procedures  (Bevington  and  Robinson,  1992).  The 
mean  laminar  flow  velocity,  v,  is  related  to  the 
displacement,  d,  and  delay  time,  t  as  follows: 

v  =  d/t.  (3) 

The  uncertainty  associated  with  the  velocity 
measurement  is  expressed  as: 

Av2  =  Ad2(3v/3d)2  +  At2(9v/3t)2.  (4) 

We  substitute  in  the  partial  derivatives  and 
divide  by  v2  to  find: 
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(Av/v)2  =  (Ad/d)2  +  (At/t)2.  (5) 

For  OTV  measurements,  Ad/d  will  be  much 
larger  than  At/t.  A  priori,  we  know  that  At  will  be 
determined  by  the  relative  laser  jitter  and  can  easily 
be  measured  to  a  precision  of  At  <  10  ns.  Since  t  > 
20  psec  for  sufficient  03  to  form,  one  finds  At/t  < 
0.05%.  Thus,  the  timing  uncertainty  is  always 
negligible.  Since  we  specified  a  target  value  of  Av/v 
=  0.01,  we  invert  Equation  (5)  to  determine  our 
experimentally  required  value  of  Ad  to  satisfy  the 
target  velocity  measurement  accuracy. 

We  find  that  for  t  >20  psec  (03  growth  time),  the 
uncertainty  in  measuring  displacement  is: 

Ad  =  Avt,  (6) 

and  for  At  =  10  ns,  t  >  20  ps,  and  Av  =  0.01  x  v,  we 
find  that  the  uncertainty  in  measuring  displacement 
is: 

Ad  =  0.01tv  =  0.01d.  (7) 

Note  that  the  required  measurement  accuracy, 
Ad,  scales  as  t,  while  the  diffusional  width  of  the 
tagged  line,  fwhm(t),  scales  as  t1/2.  Diffusion 
broadening  has  been  estimated  previously  (Ribarov  et 
al.,  1998).  Referring  to  Eq.  2,  for  a  typical  laser  line 
of  0.5  mm  diameter,  it  takes  5  msec  for  the  line  to 
double  in  size.  Thus,  diffusion  broadening  is  not 
important  for  read/ write  times  of  less  than  1  msec. 

6.  CONCLUSIONS 

A  new  method  for  performing  quantitative 
unseeded  molecular  imaging  and  profiling  in  air 
flows  has  been  developed.  The  OTV  method  uses  a 
stable  velocity  marker  without  the  addition  of  any 
foreign  seed  materials.  The  tagged  line  of  ozone 
molecules  is  produced  at  ~  193  nm  with  currently 
available  excimer  laser  technology.  The  original 
position  of  the  tagged  line  is  observed  by  ~  248  nm 
KrF  excimer  LIF.  The  time-of-flight  displacement  of 
the  tagged  volume  of  air  yields  accurate  velocities 
down  to  a  few  cm/sec.  Evidence  from  theory  and 
experiment  show  the  OTV  method  to  be  applicable 
over  a  wide  range  of  velocities,  temperatures,  and 
pressures.  With  two  cameras,  three  orthogonal 
velocity  components  may  be  realized. 
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ABSTRACT 

A  Doppler  global  velocimetry  (DGV)  system  optimised 
for  time-averaged  three  component  velocity 
measurements  has  been  applied  in  two  situations.  The 
system  uses  a  single  viewing  direction  in  conjunction 
with  three  different  illumination  directions.  A 
frequency-stablised  Ar+-laser  (av<l  MHz)  and  a  pair  of 
Peltier-cooled  CCD’s  with  12-bit  dynamic  range  allow 
a  measurement  resolution  better  than  1  m/s.  A  modified 
version  of  the  hardware  was  used  to  map  the  cross- 
section  of  an  engine  inlet  within  a  1:10  scale  aircraft 
model.  In  order  to  meet  spatial  constraints  within  the 
model,  miniature  light  sheet  devices  and  a  flexible 
endoscope  were  necessary  to  obtain  the  data. 

In  another  application  time-average  volumetric, 
three-component  velocity  data  was  obtained  in  a 
double-staged,  ‘cold’  combustion  chamber  by 
translating  the  light  sheet  plane  at  2  mm  increments. 

More  recent  efforts  directed  toward  obtaining 
phase-averaged  DGV  data  are  also  presented. 

1.  INTRODUCTION 

Since  its  invention  a  few  years  ago  Doppler  global 
velocimetry,  also  referred  to  as  planar  Doppler 
velocimetry,  has  undergone  a  rapid  pace  of 
development.  In  principle  the  technique  is  simple:  the 
frequency  shift  of  light  scattered  by  particles  suspended 
in  the  flow  is  measured  by  means  of  a  frequency-to- 
intensity  converter,  typically  a  iodine-vapour  absorption 
cell  (Komine  1990,  1991).  However,  on  the  background 
of  achieving  high  quality  planar  velocity  fields,  similar 
to  those  provided  by  particle  image  velocimetry  (PIV), 
the  technique  is  more  difficult  to  apply  than  PIV  due  to 
a  number  of  intrinsic  demands  placed  on  the  required 
equipment:  1)  The  laser  has  to  operate  at  a  known  and 
stable  frequency  with  a  bandwidth  in  the  1  MHz  range 
to  yield  a  measurement  resolution  better  than  1  m/s.  2) 
The  characteristics  of  the  absorption  cell  (temperature, 
transmission  curves,  etc.)  have  to  be  very  well  known. 
3)  The  recording  camera  pair  needs  to  exhibit  a  high 
dynamic  range,  because  the  ratio  of  their  signals 
defines  the  transmission  ratio  from  which  the  Doppler 


shift  is  determined.  Further,  a  number  of  error  sources 
(reflection,  multiple  scattering,  etc.)  have  to  be 
carefully  observed. 

Nevertheless  DGV  offers  a  number  of  advantages 
not  found  in  other  planar  measurement  techniques.  For 
instance,  unlike  PIV  and  PTV,  there  is  no  need  to 
resolve  discrete  particles,  much  less  their  displacement 
over  short  time  intervals.  DGV  only  needs  to  record  the 
light  scattered  by  the  illuminated  particles  and 
inherently  allows  the  size  of  the  field  of  view  to  be 
chosen  arbitrarily.  Image  resolution  is  not  vital  for 
DGV  which  makes  the  technique  attractive  in 
situations  with  poor  optical  access  or  varying  refractive 
indices,  such  as.  internal  flows  or  combusting  media. 
Whereas  the  measurement  error  in  the  particle 
displacement  approaches  scales  relative  to  the 
image/object  magnification  and  sensor  resolution,  the 
measurement  resolution  of  the  DGV  system  is  of 
absolute  nature,  independent  of  the  object  size. 
Currently  this  resolution  is  on  the  order  of  lm/s,  which 
makes  the  use  of  DGV  most  attractive  in  flows  with 
higher  flow  velocities. 

With  regard  to  the  technical  realisation  of  the 
DGV  concept  a  number  of  researchers  are  focusing 
their  efforts  on  the  development  of  single-pulse  Doppler 
global  velocimeters  based  on  frequency  stabilised 
Nd:YAG  lasers.  By  recording  the  Doppler-shifted 
pulsed  light  from  three  different  observation  directions 
simultaneously  using  three  DGV  receivers  (cameras), 
the  aim  is  to  obtain  instantaneous  three-component 
planar  velocity  data  (McKenzie  1996,  Smith  et  al. 
1996,  Arnette  et  al.  1998,  Clancy  et  al  1998).  The  other 
efforts  in  DGV  implementation  are  directed  toward  the 
development  of  time-averaging  velocimeters  (Meyers 
1995,  1996,  Roehle  1996,  Roehle  &  SchodI  1997, 
Roehle  1998].  Such  a  system  will  be  described  next. 

2  DGV  MEASUREMENT  APARATUS  AT  DLR 

The  DGV  system  developed  at  the  DLR-Cologne  turbo¬ 
machinery  instrumentation  division  is  optimised  for  the 
recovery  of  time-averaged,  three-component,  planar 
velocity  fields.  Rather  than  using  three  camera  systems 
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Figure  1.  Light  sheet  arrangement  used  for  time¬ 
averaging  DGV 


for  the  observation  of  the  illuminated  plane,  the  laser 
light  sheet  is  introduced  into  the  plane  of  interest  from 
three  different,  preferably  orthogonal,  directions 
(Figure  1).  There  are  a  number  of  advantages  in  this 
approach  which  make  it  the  method  of  choice  in  flow 
fields  that  exhibit  a  steady-state  behaviour:  Aside  from 
the  reduced  cost,  the  single  camera  set-up  allows  much 
easier  calibration,  both  in  terms  of  viewing  geometry 
and  intensity-to-frequency  conversion.  In  general,  the 
viewing  axis  is  normal  to  the  illuminated  plane  such 
that  no  de-warping  of  the  images  is  necessary.  This  also 
means  that  the  recovered  velocity  component  images  do 
not  need  to  be  explicitly  merged  because  the  data  fields 
already  coincide. 

The  DGV  system  consists  of  three  main  pieces  of 
equipment:  a)  a  frequency  stabilised  CW-laser,  b)  three 
light  sheet  generators,  and  c)  a  DGV  image  acquisition 
system  (i.e.  DGV  camera).  The  stabilised  laser  system 
consists  of  a  modified  Ar+-laser  operating  in  the  single 
frequency  mode  at  514.5  nm  and  1-2  Watts.  Frequency 
stabilisation  is  achieved  by  directing  a  portion  of  the 
emitted  light  through  a  reference  iodine  cell  (Figure  2). 
In  full  analogy  to  the  concept  of  DGV,  the  beam 
intensity  before  and  after  the  iodine  absorption  cell  is 
used  to  obtain  an  intensity  fraction.  A  PID  controller  is 
used  to  maintain  this  fraction  at  a  fixed  value  and 
thereby  stabilises  the  laser  frequency.  The  remaining 
frequency  jitter  is  on  the  order  of  <7V=1  MHz.  The  laser 
can  be  continuously  tuned  over  a  frequency  range  of  2 
GHz  without  mode-hops  which  makes  it  possible  to 
obtain  the  transmission  curve  of  the  iodine  cell.  In 
cases  requiring  a  high  reproducibility  and  knowledge  of 
the  absolute  frequency,  such  as  for  calibrating  the 
iodine  cells,  a  more  sophisticated  stabilisation  based  on 


Figure  2.  Laser  stabilization  system  and  opto¬ 
mechanical  switch  for  coupling  into  transmission 
fibres 


the  detection  of  the  hyperfine  structure  of  iodine  is  used 
(Roehle  1998). 

As  indicated  in  figure  2,  an  opto-mechanical 
switch,  based  on  obliquely  mounted  glass  plates  and 
mirrors,  directs  the  frequency-stabilised  laser  light  into 
one  of  three  fibre  launchers  which  are  connected  to  the 
light  sheet  generators  via  10  m  long  multi-mode  fibres 
(10  pm  core  0).  The  light  sheet  generation  employs  a 
sweeping  beam  approach  based  on  magnifying  the 
linear  translation  of  the  laser  beam  as  it  passes  through 
a  rotating  slab  of  glass  (Figure  1).  Contrary  to  the  non- 
uniform,  typically  Gaussian,  light  sheet  intensity  profile 
obtained  with  stationary  optics  (i.e.  cylindrical  lenses), 
the  sweeping  beam  light  sheet  exhibits  an  essentially 
top-hat  intensity  profile.  This  aspect  minimises  the 
intensity  dynamics  in  the  measured  image  with  positive 
influence  on  the  overall  signal-to-noise  ratio  (SNR). 
The  modulation  frequency  can  be  varied  between  0  and 
400  Hz. 

The  third  component  of  the  DGV  hardware,  the 
camera  system,  is  diagrammed  in  figure  3.  Whereas  the 
common  approach  is  to  use  a  separate  objective  lens  for 
each  CCD  sensor,  this  receiver  employs  a  single 
collecting  lens  in  conjunction  with  a  relay  lens  and  a 
non-polarising  beam-splitter  to  transmit  the 
intermediate  image  onto  the  two  CCD  sensors,  one  of 
which  views  the  image  through  an  iodine  absorption 
cell  (50mm  length,  40mm  0).  This  optical 
arrangement  is  much  easier  to  align  and  also  permits 
the  use  of  an  endoscope  which  would  be  located  in 
place  of  the  objective  lens.  A  pair  of  Peltier-cooled,  12- 
bit,  slow  scan  CCD  cameras  with  linear  sensitivity  and 
high  SNR  (exceeding  500:1)  provide  the  digital  images 
from  which  the  DGV  data  is  computed.  By  cooling  the 
CCD  down  to  -15°C,  long  integration  times  of  tens  of 
seconds  are  possible  because  the  dark  current  and 
associated  dark  current  noise  are  significantly  reduced. 
For  comparison,  standard  8-bit  video  cameras  can 
usually  only  provide  SNR  levels  of  about  40:1. 
Although  micro-positioning  is  used  for  alignment  of 
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Figure  3.  DGV  receiving  camera  optics 


the  sensors,  the  residual  misalignment  is  accounted  for 
in  software  using  polynominal  image  warping. 

The  iodine  cell  placed  in  front  of  the  signal  CCD 
sensor  is  made  from  fused  quartz  glass  and  contains  a 
small  amount  of  pure  iodine.  Since  the  cell’s 
transmission  profile  strongly  depends  on  the 
temperature  and  vapour  pressure  in  the  cell,  a  cell 
temperature  is  chosen  such  that  all  of  the  solid  iodine  is 
evaporated  (in  our  case  57°C).  This  fixes  the  iodine 
vapour  density  within  the  cell.  Beyond  this  temperature 
significant  pressure  changes  and  associated  changes  in 
the  transmission  profile  are  only  possible  by  much 
greater  temperature  changes.  As  a  consequence  the 
precision  of  the  control  maintaining  a  constant 
temperature  within  the  cell  is  not  as  critical  as  in  cells 
containing  both  solid  iodine  and  vapour.  The  control  of 
the  vapour  pressure  using  a  separately  heated  cold 
finger  as  is  common  in  many  other  DGV  system  is  not 
necessary  (Chan  et  al.  1995).  However,  the  final  cell 
transmission  curve  cannot  be  pre-determined  during 
the  evacuation  and  filling  procedure  of  the  cell  and 
depends  to  a  large  extent  on  the  experience  of  the 
person  filling  the  cell. 

3.  DATA  PROCESSING  AND  VALIDATION 

A  number  of  processing  steps  and  additional  input  data 
are  required  to  reconstruct  the  three-component 
velocity  data  from  the  three  image  pairs  each  of  which 
consist  of  a  signal  (viewed  through  the  iodine  cell)  and 
a  reference  image.  Ambient  light  effects  and  laser 
reflections  are  accounted  for  by  subtracting  a  set  of 
background  images  which  are  recorded  in  the  absence 
of  seeding.  Another  image  pair,  recorded  with  uniform 
illumination,  is  used  to  correct  for  pixel-specific 
sensitivity. 

Since  the  CCD  sensors  are  not  in  perfect 
alignment  with  each  other,  an  image  mapping 
accomplishes  this  at  this  point.  Additional  de-warping 
may  be  used  to  account  for  an  oblique  viewing  axis 
and/or  geometrical  distortions.  Now  a  quotient  image  is 
computed  from  the  spatially  coincident  image  pair  -  the 
desired  transmission  ratio  image  is  formed.  The  iodine 
cell  transmission  profile  is  applied  to  the  image  in  the 
form  of  a  look-up  table  resulting  in  an  image 


Figure  4.  Placement  of  the  DGV-module  within  a  1:10 
scale  wind  tunnel  model.  In  this  unique  experiment 
a  flexible  endoscope  transmitted  the  image  to  the 
external  camera 

containing  Doppler-shifted  data  which  in  turn  can  be 
readily  converted  to  velocity. 

The  three  distinct,  but  non-orthogonal,  velocity 
component  images  are  combined  by  applying  a  co¬ 
ordinate  transformation  based  on  the  local  observation 
vector  and  light  sheet  direction.  The  observation  vector 
is  obtained  from  the  position  of  the  camera  collecting 
optics  in  relation  to  the  position  within  the  observation 
plane,  while  the  local  illumination  vector  is  either 
determined  interactively  from  image  data  or  defined 
directly  if  the  position  of  the  light  sheet  devices  are 
known. 

With  current  PC-based  computing  all  of  the 
described  processing  steps  take  only  a  few  seconds  to 
complete.  High-level  scripting  languages  such  as  IDL 
are  used  to  make  the  software  both  platform- 
independent  as  well  as  open  to  future  modifications. 

3.1  Error  Sources  and  Data  Validation 

Whereas  the  primary  source  of  error  in  single  pulse  is 
speckle  noise  (Smith  et  al.  1996,  McKenzie  1997),  this 
does  not  arise  in  time-averaging  DGV,  especially  when 
the  light  sheet  is  generated  by  a  scanning  beam.  The 
long  integration  times  (up  to  several  seconds)  smooth 
out  the  moving  speckle  patterns. 

A  significant  source  of  error  in  both  single-shot 
and  time-averaged  DGV  arises  due  to  multiple 
scattering.  It  arises  when  light  scattered  from  particles 
illuminates  other  particles.  In  the  presence  of  moving 
particles,  this  scattered  light  already  has  a  Doppler  shift 
imposed  on  it.  As  a  consequence  the  collected  light  no 
longer  represents  the  correct  Doppler  shift.  Although 
this  error  is  known  to  increase  with  increased  seeding 
density  (Voigt  1998),  it  has  not  been  fully  quantified. 

Similar  to  the  multiple  scattering  error  source, 
the  light  scattered  from  dense  seeding  may  illuminate 
the  surrounding  areas,  such  as  surfaces  and  vessel 
walls.  Background  images  recorded  in  the  absence  of 
seeding  do  not  capture  this  phenomenon.  In  this  case 
fluorescent  paints  or  blackened  (non-scattering) 
surfaces  can  essentially  alleviate  the  problem.  Another 
error  source  arises  in  the  presence  of  reflecting 
surfaces,  such  as  glass  windows,  which  may  re- 
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introduce  a  portion  of  the  light  sheet  from  a  different 
direction  and  hence  produce  an  undesired  Doppler- 
shifted  signal  component.  Turbo-machinery 
applications  and  other  internal  flows  are  mainly 
affected  by  this  problem  such  that  care  must  be  taken  in 
the  optical  design  of  the  light  sheet  access  (anti¬ 
reflection  coatings,  beam  dumps,  etc.). 

Data  validation  in  the  recovered  velocity  images 
is  frequently  necessary  especially  near  flow  bounding 
walls  and  other  scattering  surfaces.  Whereas  validation 
schemes  typically  applied  to  PIV  data  assume  the 
sporadic  (isolated)  occurrence  of  erroneous  data,  this  is 
generally  not  the  case  in  DGV.  Frequently  non¬ 
uniformities  in  the  light  sheet,  caused  by  deposits  or 
obstructions  on  facility  windows,  introduce  a  banded 
disturbance  pattern  in  the  velocity  component  data,  that 
is,  a  velocity  bias  aligned  with  the  light  sheet 
disturbance.  This  lessens  the  effectiveness  of  standard 
neighbourhood-based  validation.  Rather,  validation 
schemes  which  are  sensitive  to  the  respective  light 
sheet  directions  have  to  be  applied.  This  validation  has 
to  take  place  on  each  individual  velocity  component 
image  prior  to  their  transform-based  merging.  This 
method  of  validation  can  be  enhanced  if  volumetric 
DGV,  such  as  described  in  the  next  section,  is 
available. 

4.  DGV  MEASUREMENT  APPLICATIONS 

The  described  DGV  system  has  already  been  applied  in 
a  variety  of  applications  including  a  swirl  flow  atomiser 
nozzle  and  the  flow  in  the  wake  of  a  model  car  (Roehle 
1996,  Roehle  &  Schodl  1997).  Two  more  recent 
applications  are  described  next. 

4.1  DGV  Measurements  in  the  Model  of  an  DASA- 
Engine  Inlet 

The  flow  field  inside  a  model  of  an  aircraft  engine  inlet 
provided  by  DAS  A  was  mapped  with  DGV.  After 
ground  testing  the  model  was  mounted  in  the  3x3  m 
wind  tunnel  section  of  DNW-NWB  at  DLR- 
Braunschweig.  One  of  the  aims  of  this  investigation 
was  to  evaluate  the  potential  use  of  DGV  results  in 
engine  development.  Contrary  to  civil  transport  aircraft 
the  air  intake  of  fighter  aircraft  are  relatively  long  and 
curved  and  thus  can  exhibit  pipe  flow  phenomena  such 
as  pressure  losses  and  flow  inhomogeneities.  A 
constant  and  uniform  flow  upstream  of  the  engine  is 
required  to  ensure  proper  engine  operation  over  the 
entire  flight  envelope.  Velocity  inhomogeneities 
(vorticity)  and  the  loss  of  total  pressure  have  to  be 
measured  as  a  function  of  the  mass  flux  and  the 
aircraft’s  angle  of  attack. 

The  initial  stationary  set-up  of  the  intake  model 
allowed  the  DGV  measurement  accuracy  to  be 
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(1  of  3  spaced  at  1 20  deg.)  Came  ra  stem  (to  camera) 

Figure  5.  Optical  module  used  for  DGV  measurements 


of  engine  inlet  flow 


Mass  flow  measured  with  DGV  and  L2F 


Figure  6.  Reduced  mass  flow  rate  measured  with  DGV 
versus  the  mass  flow  rate  measured  with  an  orifice 
flow  meter 

quantified  by  comparing  the  data  with  laser-2-focus 
velocimetry  data  and  pressure  probe  data.  In  the  second 
step  the  intake  was  mounted  within  a  1:10  scale  wind 
tunnel  model  such  that  the  effects  of  aircraft  angle  of 
attack,  yaw  and  air  speed  could  be  investigated  (Figure 
4).  This  DGV  application  within  an  aircraft  model 
posed  a  number  of  engineering  challenges:  For  one,  the 
light  sheets  have  to  remain  stationary  with  respect  to 
the  intake  duct  as  the  angle  of  attack  is  varied,  and 
secondly,  due  to  its  size  the  camera  system  had  to  be 
located  externally  from  the  aircraft  model.  Three 
miniature  scanning  light  sheet  devices  (size  50x50x15 
mm3),  supplied  with  laser  light  via  10pm  fibres,  along 
with  90°  folding  mirrors  were  mounted  on  the  exterior 
of  the  duct  such  that  the  cross  section  of  the  duct  was 
illuminated  by  three  sheets  intersecting  at  120°  with 
respect  to  each  other  (Figure  5).  The  gap  required  for 
the  access  of  the  light  sheets  was  sealed  by  a  cylindrical 
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glass  ring  whose  diameter  was  slightly  larger  than  the 
duct  to  reduce  both  light  scattering  effects  near  the 
circumference  as  well  as  reduce  the  build-up  of  the 
liquid  seeding  material  (l-5pm  ethylene  glycol 
droplets)  on  the  glass  surface. 

The  cross  section  spanned  by  the  three  light 
sheets  was  imaged  from  a  downstream  position  via  an 
flexible  endoscope  which  was  mounted  into  a  stem  such 
as  shown  in  figure  5.  The  endoscope  transferred  the 
image  to  the  camera  system  which  was  mounted  on  the 
sting  supporting  the  aircraft  model.  Although  the 
limited  number  of  fibres  in  the  endoscope  (=40,000)  is 
far  less  than  the  number  of  pixels  on  typical  CCD 
sensors,  this  did  not  pose  a  direct  problem  in  the 
application  of  DGV  other  than  reducing  the  spatial 
resolution  to  some  degree.  Techniques  requiring  the 
direct  imaging  of  particles,  such  as  PIV,  would  not 
have  been  able  of  tolerating  this  loss  in  spatial 
resolution.  This  aspect  makes  the  DGV  method 
especially  suitable  in  situations  with  poor  optical 
access. 
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Figure  7.  Flow  field  in  the  cross-section  of  an  engine 
intake  of  an  aircraft  model  placed  in  the  3  x  3  m2 
wind  tunnel  of  DNW-NWB  at  DLR-Braunschweig 

During  the  ground  testing  phase  of  the 
investigation  the  inlet  along  with  the  optical  module 
was  tested  in  a  stationary  set-up.  To  achieve  a 
homogeneous  seeding  distribution  in  the  measurement 


Figure  8.  Double-staged  combustion  chamber  with 
glass  windows  used  in  DGV  investigation 


plane,  a  seeding  box  comprised  of  a  fog  generator,  a  fan 
and  screens  was  placed  in  front  of  the  inlet.  A  vacuum 
system  attached  downstream  of  the  intake  and  optical 
module  simulated  the  engine  air  supply  at  flow  speeds 
up  to  210  m/s.  Figure  6  shows  the  reduced  mass  flow 
rate  measured  with  DGV  versus  the  mass  flow  rate 
measured  with  an  orifice  meter.  The  correlation  is  quite 
good  except  for  high  flow  rates.  Interestingly  enough 
the  deviations  occurred  past  the  point  where  the  flow  in 
the  smallest  cross-section  became  sonic  (choked).  The 
DGV  results  also  compared  well  with  laser-2-focus 
measurements  and  pressure  probe  data. 

One  of  the  reconstructed  time-averaged  flow 
fields  obtained  during  the  wind  tunnel  phase  of  the 
project  is  shown  in  figure  7.  A  strong  vortical  structure 
along  with  an  unbalanced  axial  flow  profile  can  be 
observed.  Important  design  parameters  could  be  derived 
from  this  data  such  as  the  total  pressure  loss  and  total 
pressure  distortion. 

4.2  DGV  Measurements  in  a  Combustion  Chamber 

This  application  was  performed  in  a  double-staged 
combustion  chamber  consisting  of  two  main  and  three 
pilot  burners  (figure  8)  with  optical  access  from  at  least 
three  sides  at  a  time.  The  chamber  itself  represents  a 
segment  of  an  annular  combustion  chamber  for  use  in 
the  engine  of  a  transport  aircraft.  One  of  the  principle 
aims  here  was  to  obtain  a  data  base  to  validate  CFD 
codes.  Since  the  flow  structure  inside  a  combustion 
chamber  is  very  complex  it  is  desirable  to  acquire  the 
entire  three-dimensional  volume  data  set  -  a  task  very 
tedious  to  accomplish  with  single  point  measurement 
techniques  (e.g.  LDA). 
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Figure  9.  Selected  YZ  cross-sections  through  the  volumetric  three-component  velocity  data  obtained  for  the  main 
zone  (upper  zone)  of  the  combustion  chamber.  The  contours  indicate  the  out-of-plane  velocity  component,  vx. 


Figure  10.  Selected  XY  cross-sections  through  the  volumetric  three-component  velocity  data  obtained  for  the 
&main  zone  (upper  zone)  of  the  combustion  chamber.  The  contours  indicate  the  out-of-plane  velocity 

component,  vy.  34.2.6 


Figure  10.  Detail  from  the  XZ-plane  intersecting  with 
the  centerline  of  the  main  burners.  The  contours 
indicate  the  out-of-plane  velocity  component,  vr 


For  the  measurement  the  light  sheets  were 
introduced  from  either  side  as  well  as  from  the  top  or 
bottom  of  the  chamber.  A  mirror  was  placed 
downstream  of  the  combustion  chamber  exit  such  that 
the  camera  was  not  directly  exposed  to  the  flow.  The 
entire  DGV  equipment,  camera  and  light  sheet  devices, 
were  mounted  on  a  common  translation  stage,  such  that 
the  interior  flow  field  could  be  mapped  in  a 
tomographic  manner  at  increments  of  Ax  =  2  mm.  Up 
to  50  adjacent  planes  were  recorded  in  this  manner 
resulting  in  volumetric  data  sets  containing  up  to  120  x 
60  x  50  distinct  data  points  at  a  spacing  of  1  x  1  x  2 
mm3. 

The  DGV  measurements  were  restricted  to  the 
‘cold’  (unfired)  flow  under  atmospheric  conditions. 
Measurements  in  the  hot,  burning  flame  were  not 
possible  due  to  the  self-luminosity  of  the  seeding 
particles  as  well  as  glowing  soot  which  requires  the  use 
of  intensifier-gated  CCD  cameras  and  pulsed, 
frequency-stabilised  lasers,  both  of  which  were  not 
available  at  the  time. 

Figures  9,10,11  and  12  give  an  impression  of  the 
quality  of  the  recovered  data  by  showing  various  cross- 
sections  through  the  flow.  The  interaction  between  the 
swirling  burner  flows  and  the  and  mixing  jets  of  the 
secondary  air  can  be  easily  recognised.  Swirls  within 
the  mixing  jets  are  also  visible  and  are  surprisingly 
similar  to  the  CFD  results  (data  not  presented  in  this 
context).  A  comparison  between  DGV  data  and  LDA 
data  obtained  for  the  swirler  nozzle  flow  is  presented  in 
(Lehmann  1998). 

5  CURRENT  AND  FUTURE  EFFORTS 

More  recent  research  efforts  have  been  directed  toward 
obtaining  phase-averaged  DGV  measurements,  which 
is  of  special  interest  in  rotating  turbo-machinery. 
Phase-averaged  DGV  images  can  be  obtained  in  two 


|  i  i  'i  T|  i  i  i;  |  i  i  i  i  |  i  i  i  i  |  i'  i  i  i  |  i  ii  i  |"  r  i  i  i  *|"  v  i'  H"| 
-10  0  10  20  30  40  50  60  70 


x  in  [mm] 

Figure  11.  XY-plane  extracted  from  the  pilot  zone 
velocity  data  set,  intersection  with  one  of  the  pilot 
burners 

ways:  either  through  the  use  of  an  electronic  image 
shutter  or  through  the  modulation  of  the  illumination 
source  (i.e.  laser).  Electronic  shuttering  can  be  achieved 
through  on-chip  charge  integration  using  state-of-the- 
art  interline  transfer  CCD  sensors  or  with  the  aid  of 
multiply-gated  image  intensifiers  which  is  rather 
expensive.  Recent  tests  with  a  modified,  12-bit, 
interline  transfer  CCD  camera  have  demonstrated  two 
major  drawbacks  to  this  approach:  First,  with 
increasing  residency  time  of  the  collected  charge  within 
the  on-chip  storage  register,  a  fixed  pattern  noise  arises 
along  with  a  significant  reduction  of  the  SNR. 
Surprisingly  the  number  of  shutter  events  has  little 
influence  which  could  be  easily  demonstrated  by 
increasing  the  duty  cycle  of  the  exposures  and  reducing 
the  total  number  of  exposures  such  that  the  total 
integration  time  remains  constant.  Secondly,  the 
storage  wells  used  for  on-chip  charge  integration  have  a 
finite  extinction  ratio  on  the  order  of  2000: 1  which  may 
be  insufficient  when  imaging  luminous  flows  or  using  a 
CW-laser  without  modulation. 

The  other  approach  toward  phase-averaged  DGV 
based  on  laser  modulation  can  be  readily  implemented 
on  the  existing  hardware  by  adding  an  acousto-optic 
modulator  (i.e.  Bragg  cell)  in  the  laser  beam.  The  first- 
order,  frequency  shifted  beam  which  can  achieve  100 
percent  extinction  is  used  for  the  illumination  of  the 
flow.  Since  the  CCD  sensors  stay  sensitive  during  the 
entire  acquisition  time  care  must  be  taken  that  only 
little  residual  light  is  acquired.  This  configuration  will 
be  used  in  mapping  the  cyclic  flow  field  within  an 
engine  exhaust  system  downstream  of  a  turbo- 
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charger/waste-gate  arrangement  and  upstream  of  a 
catalytic  converter. 

Other  research  efforts  are  aimed  recovering  DGV 
data  from  luminous  flows  such  as  fired  combustion 
chambers.  For  this  purpose  a  long-pulse,  tuneable, 
frequency-doubled  Nd:YAG  laser  was  developed  in 
collaboration  with  the  Laser  Zentrum  Hannover 
(Matthias  1998).  The  laser  operates  at  a  repetion  rate  of 
1  kHz  with  2  mJ  per  pulse  at  532  nm  and  a  pulse 
duration  of  400  ns.  The  injection-seeded  design 
employs  a  rather  long  pulse  which  reduces  the  Fourier- 
limited  bandwidth  to  the  order  of  1  MHz. 

6  SUMMARY 

With  the  aim  of  primarily  recovering  time-averaged 
three-component  DGV  data  the  recently  developed 
measurement  hardware  already  was  successfully 
applied  in  a  number  of  different  situations  and  is  suited 
for  both  confined  flows  and  exterior  flows.  A  variety  of 
sources  of  measurement  uncertainty  have  yet  to  be  fully 
understood  and  treated.  On  the  whole  the  DGV  method 
is  to  be  understood  as  an  important  addition  to  the 
established  velocimetry  techniques  such  as  PIV  and 
LDA. 

Further  development  of  the  DGV  hardware, 
especially  on  the  laser  side,  is  still  possible.  In  the 
future  narrow-bandwidth,  tuneable  solid  state  CW- 
lasers  (typically  frequency-doubled  Nd:YAG  lasers) 
will  become  available  in  small  packages  which 
improves  the  handling  and  portability  of  the  entire 
DGV  system. 
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Abstract 

Diode  Array  Velocimetry  (DAV)  has  been  used  to 
measure  the  streamwise  fluctuating  velocity  component 
of  turbulent  pipe  flow.  A  steady,  turbulent  flow  of  air  in 
a  pipe  was  generated  in  a  laboratory  wind  tunnel,  and 
three  data  sets  (Re  =  3.6xl04,  l.OxlO5,  and  2.0x10s) 
were  recorded.  For  each  data  set,  a  large  number  of 
samples  (~105)  were  recorded  at  a  constant  blower 
speed,  yielding  a  velocity  versus  time  record.  The  DAV 
time  sample  records  demonstrated  excellent  agreement 
with  the  expected  Poisson  distribution  for  random 
sampling. 

A  PDF  of  the  velocity  fluctuations  gave  mean 
velocities  (5.51,  16.0,  and  32.2  m/s,  respectively)  with 
turbulence  intensities  slightly  higher  than  expected. 
Possible  explanations  for  the  high  turbulence  intensities 
are  given.  The  flow  skewness  factors  and  kurtosis 
factors  (flatness  factors)  were  calculated.  The  kurtosis 
value  was  in  excellent  agreement  with  the  "near 
Gaussian"  result  expected. 

The  temporal  autocorrelation  was  used  to  calculate 
the  integral  length  scales,  resulting  in  lengths  5.7,  2.0, 
and  1.7  cm,  respectively  -  close  to  the  expected  pipe 
radius  of  5.0  cm.  The  power  spectral  density  was 
calculated  and  compared  to  values  found  in  the 
literature.  The  study  demonstrates  that  DAV  is  a 
simple,  robust  laser  velocimetry  method.  Additionally, 
the  results  presented  here  illustrate  that  DAV  is  capable 
of  measuring  instantaneous  velocity  in  order  to  measure 
turbulence  characteristics. 

Introduction 

There  are  many  aspects  of  a  turbulent  flow  of 
which  quantization  is  desirable.  Knowledge  of  the 
turbulence  intensity  levels  and  characteristic  scales 
allows  valuable  information  and  insight  regarding 
turbulent  mixing  and  transport. 


Fluctuating  turbulent  velocity  is  difficult  to 
measure  because  of  several  aspects.  Using  a  physical 
probe  to  measure  fluid  velocity  is  undesirable  because 
the  probe  itself  effects  the  flow,  rendering  any 
measurements  less  valid.  The  frequency  of  the  velocity 
fluctuations  is  high,  meaning  that  some  methods  are 
unable  to  match  response  time.  Optical  methods  are 
desirable  because  they  do  not  disturb  the  flow,  need  no 
calibration,  and  give  instantaneous  velocity  component 
information.  With  a  turbulent  velocity  versus  time 
signal,  such  quantities  as  the  moments  (mean,  standard 
deviation,  skewness,  and  kurtosis),  the  temporal 
autocorrelation  (with  integral  time  scale  and 
microscale),  and  energy  spectra  may  all  be  calculated. 

Much  work  has  been  done  to  measure  turbulent 
velocity  with  laser  Doppler  velocimetry  (LDV),  laser 
transit  anemometry  (LTA),  and  other  methods.  A  new 
laser  velocimetry  technique,  called  diode  array 
velocimetry  (DAV),  has  been  proposed  in  the  past 
(Azzazy,  M.,  Potts,  R.  L.,  Zhou,  L.,  Rosow,  B.,  1997), 
and  was  used  for  this  study.  DAV  is  similar  to  LTA  in 
that  the  probe  volume  consists  of  laser  spots,  therefore 
requiring  no  laser  beam  coherence.  Because  the  laser 
spots  used  in  DAV  are  much  brighter  than  LDV  fringes, 
excellent  signal  to  noise  ratios  are  achievable.  DAV  is 
similar  to  LDV  in  that  Fourier  transform  methods  are 
employed  to  calculate  velocity  from  the  burst  signal. 
This  is  different  from  the  “time  of  flight”  measurement 
principle  which  LTA  is  based  on.  The  main  advantage 
of  DAV  is  that  probe  volume  generation  is  based  on 
imaging  a  fixed  laser  diode  array,  making  the  optical 
arrangement  simple,  inexpensive,  and  robust. 

This  paper  has  several  sections.  The  formulation  of 
diode  array  velocimetry  is  described  in  detail  giving 
mathematical  descriptions  of  the  laser  diode  and  DAV 
signal.  The  signal  processing  involved  is  described 
next.  The  experimental  optical  and  flow  apparatuses  are 
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then  described.  A  review  of  relevant  turbulence 
quantities  and  definitions  follows.  Experimental  results 
are  then  presented  and  conclusions  are  drawn. 

Nomenclature 
U  velocity 
5  spot  spacing 
x  sampling  record 

S  power  spectrum 

f  frequency 
Ts  integral  time  scale 
t  time 

Sk  skewness  factor 

Kr  kurtosis  factor 

k  wave  number,  counting  variable 

R  autocorrelation 

Xm  microscale 

At  time  between  bursts 

T  time  lag 

p  correlation  coefficient 
P  probability 
v  average  burst  rate 
f,  focal  length 
I  Intensity 

N  total  number  of  samples 
d  diameter 
fc  Nyquist  frequency 
T  total  record  time 


PRINCIPLE  OF  DIODE  ARRAY  VELOCIMETRY 

The  light  source  used  for  DAV  is  a  diode  laser, 
which  consists  of  an  array  of  several  laser  spots.  The 
intensity  distribution  of  a  laser  diode  is  generally 
described  by  an  elliptic  Gaussian  function  (Yariv,  1975) 
such  that 


I(x,  y)  =  I0e 


(l) 


where  wx  and  wy  are  the  1/e2  half  widths  of  the  Gaussian 
distribution.  However,  in  most  practical  applications, 
the  beam  divergence  in  the  direction  normal  to  the  diode 
junction  (perpendicular  to  the  array)  is  larger  than  the 
divergence  along  the  diode  junction  (parallel  to  the 
array).  Therefore,  when  a  collimating  lens  is  used  to 
parallelize  the  laser  light  the  collimated  beam  is  often 
truncated  in  the  y-direction  (Bopp  et  ah,  1989).  Then, 
the  intensity  distribution  can  be  described  as  the  product 
of  Gaussian  function  in  the  x-direction  and  a  truncated 
Lorentz  function  in  the  y-direction.  For  a  single  laser 


this  is, 

Is(x,y)  =  Ix(x)-Iy(y)  (2) 


(3) 


(4) 


where  RL  is  the  radius  of  the  collimating  lens. 

The  optical  pattern,  generated  by  an  array  of  laser 
diodes,  is  described  by  summing  the  output  of  a  single 
laser  diode  over  the  array.  Since  the  array  extends  in  the 
x-direction,  only  Ix  will  be  considered  in  the  following 
analysis.  Therefore,  the  optical  pattern  at  the  probe 
volume  is  expressed  by  the  relationship, 

I(x)  =  (5) 

*=i 

where  NL  is  number  of  lasers.  A  high  numerical 
aperture  lens  collimates  the  laser  beams.  A  second  lens, 
called  the  transmitter  lens,  then  focuses  these  collimated 
beams  into  the  probe  volume.  When  an  entrained 
particle  passes  through  the  probe  volume  the  intensity  of 
the  light  scattered  will  be  that  of  several  Gaussian 
shaped  peaks  corresponding  to  the  particle  passing 
through  each  laser  spot.  Substituting  x  =  ut  into  the 
above  equations,  the  time  dependent  signal  is  then. 


n,.  ( 

S(t)  =  AIx0  £exp 

*=i  l 


-2 


(6) 


where  A  is  a  parameter  which  depends  on  particle  size. 
The  DAV  signal  characteristics  described  by  Equation  6 
resemble  certain  fringe  LDV  signal  characteristics. 
Both  signals  have  a  Gaussian  exponential  term,  and  both 
have  a  periodic  component  along  the  x-direction,  i.e., 
direction  of  the  velocity  component  to  be  measured. 


DAV  Optical  Experimental  Apparatus 

A  laser  diode  array  with  five  laser  spots  (  100  mW 
per  laser,  X  =  826  ran)  was  used  for  the  laser  source,  and 
is  illustrated  in  Figure  1. 


with 
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Figure  1:  Laser  diode  with  array  face  dimensions. 

Illustrated  in  Figure  1 ,  the  spot  dimensions  at  the  array 
face  were  3  pm  wide  and  1  pm  tall,  and  the  spacing 
between  laser  spots  was  10  pm.  The  spot  spacing  at  the 
array  was  verified  by  the  use  of  a  USAF  resolution 
target  (2.2  pm  between  lines). 

A  0.25  numerical  aperture,  fi  =  12  mm  lens 
collimated  the  diode  array  output,  while  a  fi  =  100  mm, 
d  =  32  mm  transmitter  lens  focused  the  light  into  the 
probe  volume.  This  corresponded  to  a  probe  volume 
spot  separation  of  83.3  pm  between  each  of  the  five 
spots.  The  receiver  consisted  of  a  fj  =  300  mm,  d  =  40 
mm,  and  a  fi  =  60  mm,  d  =  32  mm  two  lens  system  used 
to  image  a  100  pm  pinhole  at  the  probe  volume,  giving 
an  overfill  ratio  of  1.5.  The  receiver  was  situated  in  a 
side-scatter  position,  with  the  angle  between  the  receiver 
and  transmitter  being  approximately  15-20  degrees. 
Both  the  DAV  transmitter  and  receiver  fit  on  a 
breadboard  mounted  onto  a  translation  stage  allowing 
movement  of  the  DAV  probe  volume  across  the  entire 
pipe  diameter.  Figure  2  illustrates  the  DAV  system 
showing  the  transmitter  and  receiver. 


As  can  be  seen  in  Figure  2,  the  probe  volume  is  imaged 
into  the  flow,  and,  therefore,  will  be  an  image  of  the 
laser  diode  face.  Thus,  it  will  physically  consist  of 
several  (5  in  this  case)  focused  laser  spots,  illustrated  in 
Figure  3. 

A  100  pm  core  multi-mode  optical  fiber  transferred 
the  light  to  an  APD.  From  there,  the  signal  was 
bandpass  filtered  and  sent  to  the  signal  processing 
hardware  and  software.  The  digital  signal  processor 
used  was  a  QSP  model  Q340  run  on  a  486-33  computer, 
and  used  a  40  MHZ  A/D  board.  The  signal  analysis 
software  would  perform  real  time  frequency  calculation 


of  each  burst,  convert  to  velocity,  and  write  a  velocity 
versus  time  record  to  the  hard  drive. 

The  alignment  of  the  optics  and  the  ability  of  the 
burst  processor  was  verified  by  the  using  a  10  pm  wire 
mounted  to  the  wheel  of  an  optical  chopper  (Stanford 
Research  Systems  model  SR540).  This  simulated  a 
single  particle  crossing  the  probe  volume,  and  the  RPM 
could  be  adjusted  to  simulate  a  wide  range  of  velocities. 


DAV  Signal  Processing 

The  primary  function  of  the  DAV  signal  processor 
is  to  acquire  the  burst  signal,  calculate  the  burst 


top  view 


^  5  v 


end  view 

Figure  3:  Close  up  of  DAV  probe  volume  with  particle 
trajectory. 

frequency  in  real  time,  apply  the  acceptance/rejection 
criteria,  and  save  the  accepted  burst  frequency.  This  is 
achieved  through  a  series  of  operations.  The  signal 
passes  through  a  high-pass  filter  to  remove  the  zero  lobe 
frequency  (pedestal).  The  signal  processing  system 
digitizes  the  filtered  signal  and  performs  a  discrete 
Fourier  transform.  It  then  calculates  the  power  spectrum 
and  determines  the  approximate  burst  frequency,  i.e.,  the 
frequency  bin  at  which  the  power  spectrum  is  a 
maximum.  Bin  interpolation  around  the  approximate 
frequency  determines  the  exact  burst  frequency. 

The  signal  processing  system  calculates  the  burst 
signal  to  noise  ratio  and  accepts  the  burst  data  only  if  it 
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passes  an  accept/reject  criteria  that  is  designed  to 
eliminate  false  signals.  These  include  those  signals 
generated  by  simultaneous  multiple  particles 
simultaneously  in  the  probe  volume.  For  turbulent  flow 
measurements,  the  signal  processing  system  builds  a 
histogram  of  the  accepted  burst  frequencies 
(realizations)  and  then  computes  the  average  velocity 
and  the  root  mean  square  fluctuations. 

The  power  spectrum  of  the  signal  from  Equation  6 
has  a  dominant  zero  lobe  frequency  which  masks  the 
desired  frequency.  Figure  4  shows  the  voltage  vs.  time 
signal  and  corresponding  power  spectrum  of  an 
unfiltered  DAV  burst. 


Figure  5:  Unfiltered  DAV  signal  and  signal  power  spectrum. 

A  high-pass  filter  is  used  to  remove  this  zero  lobe 
frequency  which  is  analogous  to  pedestal  removal  in  the 
LDV  technique.  The  high-pass  filter  acts  as  a  time- 
derivative  operator  in  the  lower  frequency  regime.  This 
produces  a  “sign  alternating”  characteristic  in  the  signal 
and  consequently  removes  the  DC  component  and  the 
strong  lowest-nonzero-frequency  lobe  in  the  signal’s 
power  spectrum.  Figure  5  shows  the  filtered  DAV 
signal. 

Figures  4  and  5  are  actual  bursts  recorded  with  a  4  spot 
DAV  system.  The  top  part  of  the  figures  shows 
laboratory  measurements  of  the  time  trace  of  the 
unfiltered  and  filtered  signals  respectively.  Notice  the 
“sign  alternating”  character  of  the  filtered  signal,  in 
Figure  5.  The  bottom  part  of  the  figure  shows  the  burst 
power  spectrum.  Also,  notice  the  increase  in  the  signal 
to  noise  ratio  due  to  pedestal  removal. 

Experimental  Flow  Apparatus 

A  low  speed  (up  to  35  m/s  centerline  velocity)  wind 
tunnel  was  used  to  generate  the  flow.  The  wind  tunnel 
consisted  of  an  inlet  section  and  flow  straightener 
followed  by  twenty  feet  of  4  inch  diameter  smooth  pipe. 
The  optical  probe  was  placed  60  diameters  downstream 


from  the  inlet.  Optical  access  to  the  flow  was  provided 
by  quartz  windows  shaped  to  the  pipe.  Seven  more  feet 
of  pipe  led  into  the  blower,  which  was  a  3  HP  Dayton 
model  4cl31  powered  by  an  adjustable  speed  drive 
electric  motor.  The  blower’s  shaft  rpm  had  a  range  of 
300  -  2300  RPM  corresponding  to  air  centerline 
velocities  of  4  to  34  m/s  (Reynolds  numbers  2.5xl04  - 
2.2xl05).  The  inlet  to  the  tunnel  was  free  and  the 
blower  sucked  the  air  through  the  tunnel  creating  a 
steady  turbulent  pipe  flow.  The  seeding  particles  used 
were  micron  scale  aluminum  oxide  particles,  and  were 
introduced  into  the  flow  20  diameters  upstream. 


Analysis  of  Turbulent  Signals 

For  DAV,  as  well  as  other  laser  velocimetry 
techniques,  bursts  occur  at  random  times,  with  the  time 
between  bursts  following  a  Poisson  distribution 
(Roberts,  J.  B„  Downie,  J.,  Gaster,  M.,  1980).  The  PDF 
of  the  burst  inter-arrival  times  is  known  to  obey 

P(At)=ve-vM  (7) 

where  V  is  the  average  burst  rate.  The  Poisson 
distribution  described  in  Equation  7  has  a  mean  of  1/  v 
and  a  variance  of  1/  v  . 

The  first  moment  of  a  random  signal  is  the  mean 
velocity  while  the  second  moment  is  the  variance.  The 
third  moment,  called  the  skewness  factor,  is  found  from 
the  velocity  fluctuation  PDF,  and  is  given  by, 

oo 

j(u(t)-u)3  P(u')du' 


The  skewness  factor  is  an  indication  of  how  symmetric 
the  velocity  fluctuations  are.  The  fourth  moment,  or 
kurtosis  factor  (often  called  the  flatness  factor)  is 
similarly  defined  by, 


J  (u(t)  -  u)4  P(u)  du 


There  are  many  definitions  for  the  autocorrelation  and 
power  spectrum  of  a  random  signal.  However,  most  of 
these  definitions  are  not  applicable  to  randomly  sampled 
random  signals,  and  therefore,  special  algorithms  must 
be  used.  The  “slot”  method  of  autocorrelation  (Mayo, 


1978,  Srikantaiah,  Coleman,  1985)  is  given  b 


R.(z)  =  R(kAz)  = 


1985)  is  given  by 

^[x(r)4f7)4 

H(kAz) 


k  =  1,2, 3, . .  m 


34.3.4 


where  [  x(t,)x(tj)  is  the  sum  of  all  of  the  products 
x(tj)x(tj),  and  the  difference  (f  -  tj)  falls  in  the  slot  kAx. 
Slot  kAx  is  the  k*  slot,  and  has  a  width  kAx.  H(kAx)  is 
the  total  number  of  x(t;)x(tj)  products  in  the  k*  slot.  For 
the  zero  lag  term,  k  =  0,  the  autocorrelation  is 

*,(t=o)=j(0)4i4)!  (ii) 

w  <=i 

with  N  being  the  total  number  of  samples.  The  errors  in 
the  time  domain  for  the  autocorrelation  estimation  are 
0(Ax/2),  therefore,  it  is  desirable  to  keep  Ax  much 
smaller  than  Axmean- 

From  the  autocorrelation,  the  integral  time  scale, 
Ts,  may  be  calculated,  and  is  given  by 


Ts  =jp(z)dt  (12) 

o 

where  p(x)  is  the  correlation  coefficient  (the 
autocorrelation  divided  by  its  zero  lag  value).  The 
integral  time/length  scale  gives  an  indication  of  the 
largest  eddies  in  the  flow,  which,  for  pipe  flow  should 
be  the  boundary  layer,  i.e.  the  pipe  radius.  The 
microscale,  Xm,  which  indicates  the  smallest 
"dissipation"  scales  in  the  flow  is  found  from  the 
relation 


d2p 

dr2 


z=0 


A: 


(13) 


The  microscale  can  be  found  by  fitting  a  parabola  at  the 
vertex  of  p(x),  given  by 

a! 


PM  =  1-1T-  (14) 


The  one  sided  power  spectrum,  calculated  using  the 
results  from  the  slot  autocorrelation,  is  given  by 


sk(f)  =  s 


2At 

where 


V  m  J 
m- 1 


J?0+2XR,cosf^'l  +  (-l)‘fl, 


\m  J 


(15) 


/  =  k=ox2 . m;  f'=W  oe 

with  fc  being  the  Nyquist  cutoff  frequency. 


Experimental  Results 

The  data  for  this  study  was  obtained  by  generating 
a  steady,  turbulent  pipe  flow  in  the  wind  tunnel,  and 
using  DAV  to  record  velocity  vs.  time.  The  focus  was 
on  obtaining  data  sets  consisting  of  many  samples  at  a 
high  data  rate  in  order  to  resolve  the  turbulence 
fluctuations  in  terms  of  moments,  time  correlations,  and 


spectral  energy  density.  Three  groups  of  data  were 
recorded.  In  each  group,  the  wind  tunnel  was  held  at  a 
steady  blower  RPM  value,  and  many  data  sets  (40  -  50 
data  sets  with  ~  4000  data  points  each  set)  were 
recorded  at  average  sampling  rates  ranging  from  100  to 
900  Hz.  The  resulting  data  sets  corresponded  to 
statistically  stationary  turbulent  centerline  pipe  flow. 
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5.5 

0.57 

10.4 
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1200 
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16.0 

1.39 
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32.2 
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Table  1 :  Data  recorded. 


As  can  be  seen  in  Table  1,  the  turbulence  intensities  are 
higher  than  expected.  Turbulence  intensities  on  the 
order  of  5%  have  been  recorded  in  the  past  (Hinze, 
1975).  Two  possible  explanations  can  be  thought  of. 
First,  the  most  likely  reason  is  that,  although  there  were 
60  diameters  of  smooth  pipe  before  the  measurement 
location,  the  inlet  hose  for  particle  introduction  was 
located  -20  diameters  upstream.  The  flow  from  this 
hose,  which  was  spraying  perpendicular  to  the  flow 
direction,  probably  stirred  up  the  pipe  flow,  generating 
some  added  large  scale  turbulence.  A  second  possible 
explanation  is  that  the  settings  on  burst  signal  processor 
were  too  lenient  with  regard  to  signal  to  noise  threshold. 
This  would  have  allowed  some  erroneous  data  points, 
corresponding  to  poor  S/N  ratio  signals,  to  be  recorded. 

A  FORTRAN  program  was  written  to  create  a  PDF 
of  burst  inter-arrival  times  for  a  DAV  data  file, 
comparing  the  measured  burst  time  lags  versus  the 
theoretical  PDF  predicted  by  Equation  7. 
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PDF  of  Burst  Interarrival  Times 
Blower  RPM  =  2100,  v  =  216  Hz,  N  =  3857 


At  [msec] 


Figure  6  :  Graph  of  burst  inter-arrival  times. 

As  can  be  seen  in  Figure  6,  there  is  excellent  agreement 
between  the  measured  and  theoretical  P(At)  for  most 
values  of  At.  At  very  small  values  of  At  the  measured 


Table  3:  Calculated  integral  time  and 
length  scales. 


vs.  theoretical  begin  to  diverge.  This  is  because  real 
burst  processors  have  limitations.  The  burst  processor 
used  in  this  study  processes  each  burst  in  “pseudo  real 
time”.  When  a  burst  occurs,  the  trigger  voltage 
threshold  is  exceeded  and  a  specified  number  of  data 
points  (equal  to  the  FFT  length)  are  written  to  the 
SRAM  on  the  A/D  card.  This  burst  packet  of  samples  is 
then  written  to  the  hard  drive  of  the  computer  where  the 
signal  is  digitally  processed.  However,  the  SRAM  on 
the  A/D  card  is  not  bi-directional,  meaning  that  it  can 
only  be  reading  or  writing  at  one  time,  but  not  both. 
Therefore,  after  each  burst  is  taken  into  the  SRAM,  the 


PDF  of  Turbulent  Velocity  Fluctuations 


Figure  7:  PDF's  of  turbulent  velocity  fluctuations. 

A/D  card  is  not  ready  for  another  burst  until  the  present 
burst  has  been  written  to  the  hard  drive.  Unfortunately, 
although  SRAM  is  very  fast,  the  ISA-bus  dictates  how 
fast  the  burst  information  is  written  to  the  hard  drive. 
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Table  2  :  Calculated  skewness  and 
kurtosis  factors. 


As  can  be  seen  from  Table  2,  the  kurtosis  factor  is  close 
to  the  near  Gaussian  value  of  3,  which  is  expected  of 
turbulent  pipe  flow.  The  skewness  factor  results  above 
show  that  the  flow  are  slightly  non-symmetric,  and  no 
explanation  is  given  for  this. 

For  the  autocorrelation,  the  “slot”  method  was 
used,  and  the  high  number  of  samples  ensured  that  an 
accurate  autocorrelation  was  constructed.  Another 
FORTRAN  program  was  used  to  calculate  the 
autocorrelation  from  Equations  1 0  and  1 1 .  The 
correlation  coefficient  was  calculated  from  the 
autocorrelation.  Following  Equation  12,  p(x)  was 
integrated,  yielding  the  integral  time  scales  for  each  data 
group.  When  multiplied  by  the  mean  velocity  the  result 
is  the  integral  length  scale.  These  results  are 
summarized  in  Table  3. 


Physically,  the  integral  length  scale  corresponds  to  the 
size  of  the  largest  eddies  in  the  flow.  The  expected 
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result  is  that  of  the  boundary  layer,  or  pipe  radius  -  5 
cm.  As  can  be  seen  above  the  integral  length  scale 
calculated  from  group  1  was  5.7  cm  and  agreed  well 
with  the  expected.  For  groups  2  &  3  slightly  smaller 
integral  length  scales  were  calculated,  but  were  within  a 
reasonable  centimeter  scale  range.  Because  of  the 
minimum  time  lag  of  the  burst  processor  the  p(x)  bin 
size  was  too  large  to  have  the  necessary  resolution 
needed  to  calculate  the  microscale. 

The  power  spectrum  was  calculated  from  Equations 
15  &  16.  To  quantitatively  compare  the  power  spectrum 
results  with  the  literature  (Hinze,  1975,  Laufer,  1952)  it 
was  necessary  to  nondimensionalize  the  data. 
Frequency  was  converted  to  a  nondimensional  wave 
number,  (D/2)k,  using  the  following  relations. 

(17) 


k_  2n 


ro  -  Ut-  — 


u_ 

f 


u 

The  power  spectral  density  was  normalized  by  1/u  2  as 
well.  The  previous  data  used  (Figure  4-9  of  Hinze, 
1975)  corresponded  to  pipe  flow  at  a  Reynolds  number 
of  5xl05,  which  was  slightly  higher  than  the  present 
experiment.  However,  little  variation  is  expected  in  the 
power  spectrum  with  differing  Reynolds  number  (Figure 
8  of  Lawn,  1971).  The  results  are  shown  in  Figure  8. 
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the  measured  values  should  drop  away  but  do  not.  It  is 
suspected  that  errors  in  the  small  time  lag  portion  of  the 
autocorrelation  are  responsible  for  the  errors  in  the  high 
(D/2)k  range  (high  frequency  range).  The  main  problem 
was  that  there  was  not  a  sufficient  amount  of  data  at  very 
high  frequencies.  As  stated  before,  it  is  believed  that  the 
restricted  throughput  of  the  burst  processor  is  to  blame, 
and  not  DAV  itself.  If  a  faster  signal  processor  was 
used  then  better  high  frequency  information  would  be 
expected. 

Conclusions 

It  has  been  shown  (Azzazy,  M.,  Potts,  R.  L.,  Zhou, 
L.,  Rosow,  B.,  1997)  that  DAV  is  comparable  to  LDV 
for  measuring  mean  velocity.  However,  because  little 
work  has  been  done  to  make  DAV  directionally 
sensitive,  only  flows  whose  flow  direction  is  known  are 
appropriate.  In  the  present  study,  advantage  was  taken 
of  knowing  the  direction  of  the  x-component  of  velocity 
for  pipe  flow.  Also,  because  the  ability  of  DAV  to  be 
extended  to  multi-component  instantaneous  velocity 
measurement  has  not  been  investigated,  the 
experimenter  is  limited  to  one-component 
measurements.  Therefore,  there  are  many  turbulent 
flows  where  DAV,  at  its  current  level  of  development, 
cannot  be  used  for  accurate  turbulence  measurements. 

It  is  suspected  that,  because  DAV  has  much  fewer 
spots  than  LDV  has  fringes,  some  problems  are  likely. 
First,  this  means  that  the  pedestal  frequency  for  DAV 
will  be  much  closer  to  the  burst  frequency,  making 
filtering  more  difficult.  Additionally,  because  of  the 
small  number  of  laser  spots  in  DAV,  it  is  suspected  that 
there  will  be  a  higher  burst  rejection  rate,  resulting  in  a 
higher  dropout  rate  (lower  duty  cycle).  Indeed,  when 
DAV  and  LDV  were  used  for  similar  flows,  under 
similar  seeding  conditions,  the  DAV  results  had  a  higher 
dropout  rate.  In  this  study  it  was  suspected  that  the 
sparseness  of  the  sampling  could  be  due  to  this. 
However,  since  signal  acceptance  or  rejection  depends 
on  many  settings  it  would  require  further  study  to 
quantify  this  for  certain. 

This  study  does  show  that,  for  appropriate  flows, 
DAV  is  capable  of  adequately  measuring  instantaneous 
velocity  versus  time  records.  Given  the  appropriate 
treatment  of  these  records,  turbulence  quantities  such  as 
moments,  correlations,  and  the  power  spectrum  may  be 
calculated  yielding  useful  qualitative  and  quantitative 
information  about  a  turbulent  flow. 


Figure  8:  Normalized  power  spectrum  of  DAV  data. 

As  can  be  seen  in  Figure  8,  the  measured  power 
spectrum  doesn't  compare  very  well  with  Laufer.  Of  the 
3  data  sets,  only  set  1  (500  RPM)  follows  the  same  trend 
at  small  values  of  (D/2)k.  For  values  of  (D/2)k  over  10 
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Abstract 

Microgravity  research  in  the 
field  of  fluid  physics  asks  for  non-invasive 
optical  diagnostic  tools  to  perform  meas¬ 
urements  on  the  geometry  of  fluid  bodies, 
velocities  of  particle  motion  and  tempera¬ 
ture  distributions.  Real  simultaneous 
measurements  on  all  parameters  involved 
are  necessary  for  the  understanding  of  the 
phenomena.  The  real  phenomena  are 
mostly  dynamic  and  three-dimensional. 
The  space  application  requires  robust  and 
reliable  instruments,  which  can  be  easily 
operated  from  ground.  Concerning  the  im¬ 
aging  tools  that  means,  the  use  of  elec¬ 
tronic  media  is  the  preferred  solution.  On 
that  background  some  developments  try  to 
improve  the  interferometer  techniques  used 
to  perform  e.g.  measurements  on  tempera¬ 
ture  fields.  Here  in  this  study  the  maturity 
of  a  fully  electronic  version  of  a  substitute 
for  a  double  exposure  holographic  interfer¬ 
ometer  is  demonstrated.  The  new  method 
has  the  additional  advantage,  to  provide 
truly  simultaneously  the  velocity  distribu¬ 
tion  of  the  particle  flow  throughout  the 
whole  experimental  volume.  To  come  to  a 
realistic  quantitative  comparison,  a  well 
understood  experiment  studying  Benard 
Convection  was  repeated  and  the  meas¬ 
urements  were  successfully  performed  with 
the  new  tool. 

1.  Introduction/Background 

This  development  started 
some  years  ago  triggered  by  the  question: 


how  can  interferometers,  to  be  used  for 
microgravity  research  in  the  field  of  Fluid 
Physics,  be  improved?  This  question  con¬ 
cerned  the  reflight  of  existing  facilities 
(e.g.  HOLOP,  BDPU)  and  the  new  Fluid 
Science  Laboratory  (FSL),  planned  to  be 
flown  on  the  International  Space  Station 
(ISS)  within  the  European  Module,  the 
Columbus  Orbital  Facility  (COF)  (Figure 

D- 


Figure  1:  Columbus  Orbital  Facility 


The  Fluid  Science  Laboratory 
is  currently  in  Phase  C/D,  and  its  launch  is 
planned  together  with  the  COF  module  end 
of  2002.  The  Fluid  Science  Laboratory  will 
be  a  multi-user  research  facility  dedicated 
to  the  study  of  Fluid  Physics  in  its  widest 
sense.  This  will  include  ‘classical’  Maran- 
goni  -  Benard  Convection  as  well  as  new 
areas  getting  more  and  more  interest  like 
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crystal  growth  in  solution,  plasma  crystals  there  are  competing  media  to  store  holo- 

and  colloid  physics.  (Figure.2)  grams  : 
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Figure  2:  Fluid  Science  Laboratory 

Compared  to  the  old  facili¬ 
ties,  the  new  one  became  highly  modular, 
to  provide  the  flexibility  for  future  up¬ 
grades.  This  concerns  the  diagnostic  mod¬ 
ules  as  well  as  the  whole  core  element  it¬ 
self.  As  in  the  past,  the  experiments  them¬ 
selves  will  find  their  place  in  Experiment 
Containers  (EC’s)  to  be  sequentially  in¬ 
serted  and  operated. 

The  Fluid  Science  Laboratory  will  offer 
among  other  diagnostic  tools  more  than 
one  type  of  interferometric  measurement 
technique,  i.e.: 

•  Flolographic  double  exposure  interfer¬ 
ometer 

•  Differential  (Wollaston)  interferometer 

•  Electronic  Speckle  Pattern  Interfer¬ 
ometer  (ESPI)  with  a  reflective  and 
transparent  mode 

What  concerns  holographic  interfe¬ 
rometry,  during  FSL  project  Phase  B  the 
concept  was  to  use  again  the  holographic 
thermoplast  film  camera.  In  the  meantime 


•  Larger  photorefractive  crystals  and 

•  CCD/C-MOS  arrays  with  ever  in¬ 
creasing  resolution. 

This  study  demonstrates  the  benefits  of  the 
last  medium  respectively  technique. 

A  method  has  been  devel¬ 
oped  to  record  digital  holograms  with  a 
CCD-camera.  A  digital  hologram  is  here 
regarded  as  a  pixel  image,  where  each 
pixel  is  complexly  valued  and  contains  the 
amplitude  and  the  phase  of  the  optical 
wave  front  in  the  plane  of  the  CCD- 
element. 

The  phase  information  is 
comparable  with  the  information  in  an  in- 
terferogram  and  can  be  used  to  calculate  an 
interferogram.  The  amplitude  information 
can  be  used  to  calculate  an  image  of  an 
object. 

The  complete  description  of 
the  optical  wave  front  makes  it  possible  to 
use  the  methods  of  wave  optics  to  calculate 
the  wave  front  in  an  arbitrary  plane.  This 
then  is  equivalent  to  calculating  a  focused 
image  of  an  object  in  a  selected  plane.  The 
refocusing  is  based  on  an  algorithm,  which 
is  easily  implemented  on  a  computer.  The 
refocusing  is  illustrated  on  a  hologram  of  a 


34.5.2 


slide  in  figure  3,  where  the  upper  image 
shows  the  actual  focusing  on  the  CCD  and 
the  lower  the  result  of  digital  refocusing. 

A  wide  range  of  applications 
can  be  found  for  this  method.  The  method 
can  be  even  applied  to  microscopic  images, 
where  the  depth-of-field  in  general  is  very 
limited.  The  method  offers  the  possibility 
to  record  images  and  then  to  refocus  off¬ 
line.  Much  larger  ranges  in  depth  can  be 
covered.  In  a  field-of-view  of  0.5  x  0.5  mm 
one  can  refocus  within  a  range  of  +/-  0.5 
mm. 


measurements  on  temperature  fields  and 
visual  images  of  light  sheets  provided  the 
necessary  information  about  the  velocities 
of  convection  flow  within  the  fluid  matrix 
marked  by  small  tracer  particles. 

Two  diagnostic  instruments 
had  to  be  used  real  simultaneously  to  col¬ 
lect  these  data. 

The  situation  improved  with 
the  ‘liquid  crystal  tracer  technique’,  that 
allows  for  the  first  time  a  real  simultaneous 
measurement  of  velocities  and  temperature 
distributions  (Figure  9). 

But  in  cases  of  higher  flow 
velocities,  the  limited  scanning  speed  of 
the  light  sheet  across  the  fluid  cell  prevents 
the  real  simultaneous  observation  across 
the  whole  fluid  volume. 

Earlier  studies  (Skarman  et  al  (1996)) 
demonstrate  that  the  new  holographic 
technique  has  the  potential  to  perform  both 
measurements  really  simultaneously 
throughout  the  whole  fluid  volume,  pro¬ 
vided  that  the  density  and  size  of  the  tracer 
particles  are  adapted  accordingly. 

Here  in  the  latest  development  study  the 
new  method  has  been  further  improved  and 
compared  quantitatively  with  the  old 
methods  on  the  basis  of  a  repetition  of  a 
typical  experiment  related  to  Benard  con¬ 
vection.  The  results  will  show,  that  the  new 
method  is  mature  to  be  applied  to  similar 
experiments. 

2.  Overview  of  the  method  for 

RECORDING  HOLOGRAMS 

2.1  Optical  set-up 

An  optical  set-up  us  shown  in 
the  right  part  of  figure  4  is  used. 


Figure  3:  Digital  refocusing 

These  principle  features  make 
this  technique  an  interesting  candidate  for  a 
diagnostic  tool  for  experiments  in  the  field 
of  Fluid  Science.  Here  interferometric  im¬ 
ages  were  used  in  the  past  to  perform 
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CCD 


Figure  4:  Optical  set-up 


EZJ 

Laser 


The  object  is  backlit  with  a 
laser,  in  this  case  a  HeNe  laser.  A  reference 
beam  is  also  derived  from  the  laser.  The 
object  and  reference  beams  are  parallel 
after  a  combiner  in  front  of  the  CCD  cam¬ 
era.  A  phase  shift  can  be  introduced  in  the 
object  beam  by  moving  a  mirror  with  a 
piezo-electric  element.  The  motions  are 
fractions  of  a  light  wavelength.  The  optical 
system  is  focused  so  that  a  plane  within  or 
close  to  the  object  volume  is  in  focus. 

Through  the  use  of  phase- 
shifting  the  drawbacks  of  conventional  in¬ 
line  holographic  methods  as  shown  in  the 
left  part  of  figure  4  and  described  in 
Vikram  (1990)  can  be  avoided. 


2.2  Algorithms 

Basic  for  the  method  of  re¬ 
cording  digital  holograms  is  the  phase- 
shifting  method  see  for  example  Creath 
(1985).  The  fundamental  relation  for  inter¬ 
ferometry  and  holography  is  as  follows.  The 
intensity  I(x,y)  recorded  on  photographic 
film  or  on  a  CCD-sensor  is 

I(x,y)  =  1 0(x,y)  +  R(x,y)  |2  = 

1  R(x,y)-  y(x,y)  •  exp(j-<p(x,y)  +  R(x,y))  |  = 

I  R(x,y)  1 2-(  y(x,y)2+l+  2-y(x,y)-cos  (p(x,y)) 

(1) 


where 

x,y  are  coordinates  in  the  CCD  (or  film) 
plane. 


R(x,y)  is  complex  valued  and 
describes  the  amplitude  and  phase  of  the 
reference  wave 

0(x,y)  is  complex  valued  and 
describes  the  amplitude  and  phase  of  the 
object  wave 

y(x,y)  is  real  and  is  the  trans¬ 
mission  or  reflection  coefficient  of  the 
object 

cp(x,y)  is  real  and  is  the  phase 
shift  caused  by  the  object  plus  phase  shifts 
caused  by  the  interferometer. 

I  R(x,y)  1 2-y(x,y)-coscp(x,y)  is 
the  term  that  forms  an  interferogram. 

In  interferometry  <p(x,y)  is  the 
interesting  quantity,  which  is  observed 
through  the  transformation  cos  (p(x,y).  Note 
that  cos  <p(x,y)  =  cos(cp(x,y)  +  k-2n)  so  that 
only  (p(x,y)  modulo  2n  appears.  If  the 
transmission/  reflection  coefficient  y(x,y)  is 
not  constant  or  the  laser  beam  is  inhomoge¬ 
neous  the  phase  information  is  distorted,  if 
no  further  processing  is  done.  The  inter¬ 
ferogram  does  not  immediately  permit  the 
evaluation  of  the  phase  as  a  numerical 
quantity,  but  is  a  kind  of  contour  plot,  that  in 
itself  is  illustrative.  With  so  called  phase- 
shift  methods  other  presentation  forms  are 
possible.  (Another  method  to  record  digital 
holograms  is  described  in  Schnars  et  al 
(1994).  This  method,  however,  does  not 
allow  the  same  spatial  resolution.) 

2.2.1  Phase-shift  methods 

If  one  can  record  a  number  (i 
>  3)  digitised  images  I;(x,y)  of  the  object 
and  introduces  known  phase-shifts  Atp;  in 
the  object  beam,  solutions  for  every  image 
pixel  of  R(x,y),  y(x,y)  and  cp(x,y)  are  obtain¬ 
able.  The  result  is  a  numerical,  undistorted 
value  for  (p(x,y).  <p(x,y)  is  still  known 
modulo  2-n. 

The  phase-shift  algorithm 
works  as  follows  (  for  simplicity  of  notation 
the  arguments  x  and  y  have  been  left  out). 
Represent  I  as 

1=  a-(l+  m-ccs(p) 
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(2) 


Then  a,  m  and  cp  can  be  calculated  from  the 
phase-shifted  images.  (Three  unknowns  and 
at  least  three  equations  pro  pixel.)  By  identi¬ 
fication  of  coefficients  in  (1)  one  can  solve 
for  physical  parameters. 

Calculate 

E(x,y)  =  exp/"  j  •  (p(x,  y)  ] 

E(x,y),  which  is  a  complex  image,  may  be 
regarded  as  a  digital  hologram  of  an  object 
with  a  constant  transmission  coefficient 
y(x,y).  The  distorsion  of  the  phase  informa¬ 
tion  due  to  y(x,y)  mentioned  above  is  thus 
eliminated.  Re(E(x,y))  can  be  interpreted  as 
an  interferogram.  cp(x,y)  is  the  modulo  2 n 
phase  angle. 

Differential  holographic  inter¬ 
ferometry  can  also  be  implemented  by  the 
recording  of  two  states  Ei(x,y)  andE2(x,y). 
Ei  =  exp(jcpi)  and  E2=exp(jcp2) 

The  difference  can  be  visualised  with 
Atp  =  arg  Ei(x,y)  -  arg  E2(x,y),  where  A<p  is 
adjusted  to  fall  in  the  range  [-n,n]. 

2.2.2  Phase  unwrapping 


As  stated  above  the  phase  is 
observed  modulo  271.  It  is,  however,  desir¬ 
able  to  know  the  phase  cp  without  this  limi¬ 
tation.  Then  the  evaluation  of  e.g.  density- 
or  temperature  fields  in  a  fluid  is  possible. 
<p(x,y)  is  assumed  to  be  continuous  in  x  and 
y.  Fig  5a  shows  the  phase  modulo 
271.  Following  the  curve  from 


Figure  5a  and  5b:  "Wrapped"  phase  and 
"Unwrapped"  phase 

left  to  right  one  adds  2n  to  all  values  to  the 
right  of  a  jump  in  the  curve,  if  the  slope  is 
positive  before  the  jump.  If  the  slope  is 
negative  one  subtracts.  In  this  study  we  ap¬ 
plied  a  more  advanced  method  which  works 
in  two  dimensions. 

2.2.3  Imaging  holography 

The  optical  set  up  and  appro¬ 
priate  numerical  algorithms  permit  imaging 
of  objects  in  a  backlit  volume.  This  is  valid 
for  objects  with  transmission  coefficients  in 
the  range  [0.0, 1.0].  The  digital  hologram  is 
the  complex  valued  field  H(x,y)  = 
y(x,y)-exp(jcp(x,y)).  An  expression  for  y(x,y) 
can  be  calculated  by  identifying  coefficients 
in  (1)  and  (2). 

The  intensity  of  this  field  is 
IH(x,y)  =  H(x,y)  H(x,y)  =  y(x,y)2  which  is  a 
real  valued  field  and  is  an  image  of  the  ob¬ 
ject..  It  is  interesting  to  note,  that  it  is  also 
possible  to  numerically  refocus  images  re¬ 
corded  in  this  way. 

The  procedure  is  as  follows 
1:  Calculate  Hy,  which  is  H(x,y)  in  discrete, 
equidistant  points 

2:  Calculate  the  two-dimensional  discrete 
Fourier  transform  Fu  of  H;j  with  the  Fast 
Fourier  transformation  algorithm. 

3:  Apply  the  following  transformation 

£ 

exp  [j-n-X~-(k2  +  l2)]- Fa 
s 


where 

s  the  linear  size  of  the  object 

5  the  refocusing  distance 

X  the  light  wave  length 

i,j  and  k,l  pixel  indices  (j  is  also  used  as  the 

imaginary  unit) 

F  the  discrete  Fourier  transform  of  the  re¬ 
corded  image 
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4:  Calculate  the  inverse  Fourier  transform 
£ij 

5:  Calculate  Iy  =  ,  which  is  the  refo¬ 

cused  image  intensity. 

Recording  of  a  sequence  of 
digital  holograms  enables  the  tracking  of 
particles.  The  holograms  contain  informa¬ 
tion  about  all  tracer  particles  within  a  vol¬ 
ume.  By  determining  the  point  of  best  focus 
for  individual  particles  their  position  in  the 
depth  dimension  can  be  calculated.  Com¬ 
parison  of  positions  in  a  sequence  of  images 
gives  the  flow  directions. 

2.3  HARDWARE  EQUIPMENT 

The  digital  holography 
equipment  consists  of  an  interferometer 
with  a  HeNe-laser,  a  piezo-electrically 
controlled  mirror  for  phase  shifting,  a 
black-and-white  video  camera,  a  video 
digitiser  that  digitises  512  x  512  pixels 
with  8  bit  resolution.  For  control  of  re¬ 
cording  and  image  processing  a  PC  with  a 
Pentium  processor  is  used.  Piezo  control 
and  video  digitisation  are  realised  with 
standard  PC  boards.  The  motion  of  the 
piezo  driven  mirror  is  linear  during  the 
recording  of  the  four  images,  which  are 
used  for  the  application  of  the  phase-shift 
algorithm. 
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LASER  PHOTOTHERMAL  EFFECT  WITH  A  CCD- LD- INTERFEROMETER 
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ABSTRACT 

This  paper  describes  the  tagg¬ 
ing  velocimetry  system  for  measuring 
the  velocity  distribution  of  turbu¬ 
lent  flow  using  the  photothermal 
effect.  We  use  a  differential  inter¬ 
ferometer  with  a  little  influence  of 
external  disturbance  for  detecting 
photothermal  effect.  For  reducing 
influence  of  phase  fluctuation  due  to 
turbulent  flow  in  detecting  the 
photothermal  effect,  we  use  a  CCD 
camera  synchronization  in  association 
with  double  pulses  of  a  laser  diode 
for  recording  images  of  the  differen¬ 
tial  interferometer.  And  the  obtained 
images  before  and  after  pumpings  are 
differentiated  by  an  image  processor. 
The  velocity  is  measured  by  the  time 
flight  of  the  tagged  line  induced  by 
photothermal  effect.  Using  jets  of  a 
gas  mixture  of  nitrogen  and  ethylene, 
we  confirm  that  this  measurement  sys¬ 
tem  is  useful  to  measure  flow  veloci¬ 
ty  distribution  in  turbulent  flow. 


1.  INTRODUCTION 

Particle  Image  Velocimetry  (PIV) 
[Adrian ( 1 991 ) ]  and  Doppler  Particle 
Global  Velocimetry  (DGV)  [Meyers 
(1995)]  have  been  developed  for  the 
measurements  of  flow  velocity  distri¬ 
butions.  However,  these  methods  need 
to  seed  scattering  particles  in  a 
flow;  this  is  not  desirsble  in  many 


testing  environments.  For  example, 
the  seed  particles  do  not  faithfully 
reproduce  the  gas  flow  in  high 
speeds.  Gas-phase  Doppler-shif t  velo¬ 
city  methods  that  do  not  require 
seeding  have  been  developed  by  use  of 
laser-induced  fluorescence  (LIF) 
[Klavuhn  et  al(1  99-4)  ]  and  Rayleigh 
scattering  [Miles  et  al  (1990)].  At 
low  velocities  these  Doppler  shift 
methods  are  in  accurate.  Recently,  to 
be  freed  from  these  problems,  veloci- 
meters  using  a  photothermal  effect 
have  been  investigated  [Nie  et  al 
(1986)],  [Nakatani  et  31(1994)].  In 
the  velocimeters  velocity  distribu¬ 
tion  was  measured  point  by  point. 

In  our  previous  study  (Nakatani 
(1997)]  we  developed  the  tagging  ve¬ 
locimetry  system  for  measuring  the 
velocity  distribution  of  gas  flow 
using  the  photothermal  effect  in 
laminar  state.  Photothermal  veloci- 
meter  was  proposed  by  Nie  et  al 
(1986).  The  medium  is  heated  by  ab¬ 
sorbing  the  optical  energy  from  a 
pump-pulse  beam  and  the  refractive 
index  of  the  medium  decreases.  The 
change  of  refractive  index  was  detec¬ 
ted  by  a  beam  deflection  method. ■ In 
our  study,  in  order  to  increase  the 
sensitivity,  to  detect  the  fast 
change  in  refractive  index  of  gas 
flow  and  to  decrease  the  influence 
of  external  disturbances,  we  used  a 
differential  interferometer  of  a 
homodyne  type.  For  reducing  in¬ 
fluence  of  optical  distortions  and 
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noises,  interference  patterns  were 
processed  by  an  image  processor.  The 
velocity  was  measured  by  the  time 
flight  of  the  tagged  line  induced  by 
photothermal  effect. 

In  this  study  we  make  possible 
to  measure  flow  velocity  distribu 
tion  in  turbulent  state  by  reducing 
the  influence  of  phase  fluctuation 
due  to  turbulent  flow  on  the  inter¬ 
ferometer.  We  use  a  CCD  camera  syn¬ 
chronization  in  association  with 
double  pulses  of  a  laser  diode  for 
recording  images  of  the  differen¬ 
tial  interferometer,  and  the  ob¬ 
tained  interference  images  before 
and  after  pumpings  are  differentia¬ 
ted  by  an  image  processor.  Using 
jets  of  a  gas  mixtures  of  nitrogen 
and  ethylene,  we  confirm  that  this 
measurement  system  is  useful  to 
measure  the  flow  velocity  distribu 
tion  in  turbulent  flow. 


2.  MEASURING  SYSTEM 

The  method  and  the  schematic 
diagram  of  the  tagging  velocimetry 
system  are  shown  in  Figs.  1  and  2  re 
spectively.  A  jet  of  a  gas  mixture  of 
nitrogen  and  ethylene  is  used  as  a 
flow.  A  pump  beam  is  irradiated  to 
flow  for  producing  a  photothermal 
tagged  line.  The  photothermal  tagged 
line  is  convected  downstream  and  is 
observed  by  the  differential  inter¬ 
ferometer  at  the  time-of-flight 
delay.  The  difference  in  the  phase 
between  the  measuring  points  is 
measured  for  obtaining  the  velocity 
distribution. 

The  differential  interferometer 
developed  by  Smith(1955)  is  used  for 
detecting  phase  change  by  photo¬ 
thermal  effect.  A  circular  laser 
diode  of  635  nm  in  wavelength  and 
of  15  mW  in  power  is  used  as'  a  light 
source  of  double  pulses.  Because  the 
laser  diode  is  suitable  to  make  short 
pulse  light  in  high  frequency  and  the 
circular  laser  diode  makes  possible 
to  utilize  the  output  power  of  the 


diode  effectively.  An  integrated, 
internal,  beam  correcting  micro-lens 
is  used  for  making  the  circular  beam 
from  the  elliptical  beam.  The  laser 
beam  is  expanded  to  40  mm  diameter 
with  lenses  LI ,  L2  and  L3  for  illumi¬ 
nating  uniformily  flow  field  in  post 
optical  path.  The  polarisation  direc¬ 
tion  of  the  laser  beam  is  rotated  at 
angle  of  45  degree  to  the  optic  axis 
of  a  Wollaston  prism  with  a  half¬ 
wavelength  plate  between  the  lenses 
LI  and  L3.  After  the  laser  beam 
passes  through  a  flow  field,  the  beam 
is  focused  into  a  Wollaston  prism  in 
dividing  angle  2.5  mrad  with  a  lens 
L3  in  focal  length  200  mm  for  divid¬ 
ing  two  beams.  The  pair  beams  are 
passed  through  an  analyzer  and  are 
interfered  on  an  image  plane.  The 
phase  difference  at  two  points  of  ob¬ 
jects  separated  by  the  distance  0.5 
mm  between  the  pair  beams  is  detected 
as  shown  by  the  dashed  lines  in  Fig. 

2.  The  operating  point  of  the  inter¬ 
ferometer  at  a  detector  output  signal 
is  set  at  the  maximum  inclination 
point  of  a  fringe  intensity  curve  by 
displacement  of  the  Wollaton  prism. 

We  use  a  CCD  camera  synchronization 
in  association  with  double  pulses  of 
the  laser  diode  for  recording  images 
of  the  differential  interferometer. 
Owing  to  wide  availability  and  low 
cost,  we  use  an  interlaced  interline 
CCD  camera  for  recording  images  of 
the  differential  interferometer. 

The  interference  images  before 
and  after  pumpings  are  recorded,  as 
shown  in  Fig.  3  at  the  location  of 
the  pulses  of  the  laser  diode  on 
odd  and  even  fields  in  the  CCD 
camera.  As  the  laser  diode  is  pulsed 
twice  during  the  time  when  odd-line 
and  even-line  fields  are  integrating 
light  respectively,  the  interference 
images  are  separately  recorded  on  the 
frame  memory.  Each  one  of  the 
recorded  images  of  the  two  fields  is 
output  as  2:1  interlaced  and  NTS 
video  signal  from  the  frame  memory 
separately.  So  the  interference 
images  without  the  interlacing  affect 
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Fig.  1  Tagging  method  using  photothermal  effect  for  the  measurement 
of  flow  velocity  distribution,  (a):  Pumping  at  to.  (b):  Observation 
at  to  +  A  t  . 
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Fig.  2  The  measurement  system  of  flow  velocity  distribution  using  a 
differential  interferometer. 
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Fig.  3  The  external  synchronization  of  the  CCD  camera  cycle 
with  the  pulses  of  a  laser  diode  and  the  pumping  pulse  laser. 


are  produced.  To  reduce  the  fluctua 
tion  of  the  phase  difference  due  to 
turbulence,  optical  distortion  and 
noise,  the  images  before  and  after 
pumpings  are  differentiated  by  the 
image  processor  as  described  in  next 
section.  We  investigate  on  influence 
of  phase  fluctuation  on  the  differen¬ 
tial  interferometer  shown  in  Fig.  2 
in  turbulent  flow.  The  nozzle  of  4.8 
mm  in  diameter  is  used.  Mixture  of 
nitrogen  and  ethylene  of  a  9  :  1  in 
volume  ratio  is  used  as  a  fluid. 
Reynolds  number  is  3500.  The  phase 
variation  arises  from  large  scale 
air  enrainment  by  the  jet  and  tur¬ 
bulent  mixing.  The  intensity  of  the 
differential  interferometer  is  meas¬ 
ured  by  a  photomultiplier.  The  de¬ 
tected  phase  difference  is  shown  in 
Fig.  4,  and  the  power  spectrum  densi¬ 
ty  of  the  phase  difference,  in  Fig. 

5.  This  phase  fluctuation  makes  the 


Fig.  4  Typical  oscilloscope  trace  of 
variation  of  phase  difference  in 
turbulent  flow.  Reynolds  number  is 
3500.  Wavelength  1  is  635  nm. 
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Fig.  6  Analytical  model  of  an  ob¬ 
served  photothermal  signal,  (a): 
Relation  between  the  puff  of  phase 
variation  and  the  probe  beams. 

P  is  phase  variation  and  I  is  the 
intensity  of  a  probe  beam,  (b): 
Observed  intensity  distribution. 


Fig.  5  Typical  power  spectrum  den- 
sites  of  fluctuation  of  phase  differ¬ 
ence,  OdBV  =  12.5  1  (  1  :  635  nm). 

(a):  In  turbulent  state,  (b):  Laminar 
state. 

image  quality  of  the  differential 
interferometer  worse. 

The  analytical  model  of  photo- 
thermal  image  is  shown  in  Fig.  6. 
Figure  (a)  shows  the  relation  between 
the  moving  puff  of  phase  variation 
caused  by  the  photothermal  effect  and 
the  pair  probe  beams,  and  figure  (b) 
shows  the  intensity  distributions 
measured  along  axis  in  moving  direc¬ 


tion  of  the  puff  of  phase  variation. 
The  Gaussian  distribution  of  the 
phase  variation  is  simplified  by  a 
triangular  shape.  The  phase  diff¬ 
erences  at  each  two  observing  points 
separated  by  the  distance  (0.5  mm) 
between  the  pair  beams  are  detected. 
The  width  of  the  puff  is  smaller  than 
the  distance  between  the  pair  beams. 
The  image  points  a,  b,  c,  d  and  e  can 
be  used  to  measure  the  displacements 
of  puff. 
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3.  MEASUREMENT  OF  FLOW  VELOCITY 
DISTRIBUTION 


Using  a  jet  of  a  9:1  in  volume 


(b) 


mixture  of  nitrogen  and  ethylene,  it 
is  demonstrated  that  this  technique 
is  useful  to  measure  flow  velocity 
distribution  in  turbulent  state.  The 
nozzle  of  the  inner  diameter  in  4.8 


Fig.  7  Patterns  of  observed  with  the  system  shown  in  Fig.  2  for 
measuring  flow  velocity  distribution,  (a):  Image  before  the 
pumping,  (b):  Image  at  100  us  after  the  pumping,  (c):  Image 
obtained  by  processing  of  images  (a)  and  (b)  (subtracting  and 
multilying  constant),  (d) :  Image  obtained  by  processing  of 
images  (a)  and  (b)  (adding  constant,  subtracting,  and  multiplying 
constant). 
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(b) 

Fig.  8  Intensity  distributions  of  images  on  centerline  of  jet. 
(a):  Image  (c)  shown  in  Fig.  7.  (b) :  Image  (d). 


mm  is  used-.  A  TEA  C02  laser  of  a 
short  pulse  width  (50  ns)  is  used  as 
a  pump  beam.  The  typical  images 
before  and  after  the  pumpings  rec¬ 
orded  on  the  frame  memories  are  shown 
in  Fig.  7.  To  reduce  the  influence  of 
the  fluctuation  of  the  differential 
phase  due  to  turbulence,  optical  dis¬ 
tortions  and  noises,  the  digital 
images  before  and  after  the  pumpings 


are  differentiated  by  the  use  of  the 
image  processor.  The  pulse  width  of 
the  laser  diode  is  4  jus  .  The  pulse 
interval  of  the  laser  diode  shown 
in  Fig.  3  is  110  jus.  In  Fig.  5  the 
the  differece  between  the  power  spec¬ 
trum  densities  at  10  kHz  and  at  1  kHz 
is  about  40  dBV.  So  by  the  diff¬ 
erentiation  of  the  images  before  and 
after  the  pumpings,  we  can  reduce  in- 
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fluence  of  phase  fluctuation  to  about 
one  hundredth.  Fig.  7  (a)  shows  image 
(odd-line  field)  recorded  at  100  us 
after  the  pumping  of  the  TEA  C02 
laser.  Fig.  7  (b)  shows  image  (even¬ 
line  field)  recorded  at  1 0  us  before 
the  pumping.  The  image  of  (a)  is  sub¬ 
tracted  from  the  image  of  (b)  and  the 
obtained  image  is  multiplied  'by  con¬ 
stant  25.  The  result  is  shown  in 
Fig.  7(c).  Constant  120  is  added  to 
the  digital  image  of  (b)  and  from  the 
obtained  image  the  image  of  (a)  is 
subtracted.  The  obtained  image  is 
multiplied  by  2,  subtracted  by  120, 
multiplied  by  2.5  and  subtracted  by 
60.  The  result  is  shown  in  figure 
(d).  Along  the  jet  centerline  the 
intensity  distributions  of  the  images 
(c),  and  (d)  are  shown  in  Fig.  8.  J  = 
210  is  at  the  exit  of  the  nozzle.  The 
intensity  distribution  of  Fig.  8  (b) 
shows  clearly  plus  peak  and  minus 
peak  as  those  shown  in  Fig.  6  (b). 

So  we  can  measure  flow  velocity  from 
plus  peak  position  at  each  point.  To 
increasing  contrast,  from  the  image 
(a)  in  Fig.  7  the  image  (b)  in  Fig.  7 
is  subtracted.  In  the  intensity 
distribution  of  Fig.  8  (a)  the  part 
of  minus  sign  is  cut.  We  can  measure 
flow  velocity  from  plus  peak  position 
or  from  the  front  edge  of  a  luminous 
image.  These  results  show  that  this 
technique  makes  possible  to  measure 
flow  velocity  distribution  in  turbu¬ 
lent  state  without  influence  of  the 
phase  fluctuation  due  to  turbulent 
flow. 
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Abstract 

In  flows  with  large  velocity  gradients,  seeding 
particles  tend  to  spread  unevenly  with  non  uniform 
concentration.  These  characteristic  are  emphasized  in 
vortical  flows.  Conventional  Particle  Image  Velocimetry 
(PIV)  technique  has  a  limited  dynamic  range  and  is 
dependent  on  the  uniform  distribution  of  the  seeding 
particles.  A  new  diagnostic  method  was  developed,  which 
enable  to  bypass  some  of  these  difficulties.  The  technique 
proposed  as  Fluid  Image  Velocimetry  (FIV),  is  based  on  the 
Dynamic  Programming  (DP)  algorithm  for  Optical  Flow 
(OF)  detection  from  a  pair  of  images.  OF  detection  is 
typically  used  in  long  range  photography  of  large  scale 
moving  objects.  A  similar  approach  can  be  used  for  fluid 
velocimetry.  However  conventional  OF  can  not  be  directly 
used  for  fluid  measurements  mainly  due  to  the  contour 
deformation  of  the  detected  object  and  due  to  variations  in 
the  illumination  intensity  of  the  sequential  images.  It  seems 
that,  the  condition  for  identical  intensities  in  the  sequential 
images  is  compulsory.  OF  computation  enables  to  extract  a 
dense  velocity  field  from  a  sequence  of  images,  assuming 
that  intensity  is  conserved  during  displacement.  The  DP  OF 
computation  can  be  considered  as  an  intensity  correlation 
based  technique.  The  principle  is  to  minimize  the  sum  of 
square  differences  (SSD)  between  a  pair  of  images.  The 
originality  of  the  approach  is  that  an  optimal  matching  is 
searched  for  entire  image  strips  rather  than  for  pixel 
neighborhoods.  A  unique  approach  is  adopted  to  overcome 
the  practical  difference  in  the  recorded  intensities  using  the 
histogram  matching  procedure.  The  technique  was 
calibrated  for  linear  and  rotational  motions  and  indicated 
accuracy  of  better  than  94.7%  and  97.64%  respectively.  The 
application  of  FIV  was  tested  in  periodic  and  in  reactive 
flows  and  demonstrated  its  definite  superiority  over  the 
conventional  PIV. 

Introduction 

Particle  Image  Velocimetry  (PIV)  analysis  of  reactive 
vortical  flows  and  flows  with  large  velocity  gradients  such 
as  in  gas  turbine  combustors,  is  a  difficult  task  (see  Ref. 


[1]).  This  is  mainly  due  to  seeding  problem  and  the 
difficulties  in  optimizing  of  the  interrogation  area  due  to 
the  large  dynamic  range  required.  In  general,  PIV  requires 
uniform  and  highly  concentrated  seeding  by  micron  size 
particles.  These  particles  should  be  inert  and  capable  to 
withstand  the  high  temperature  enviroment.  However  in 
flows  with  large  velocity  gradients,  the  particles  tends  to 
spread  unevenly,  causing  non  uniform  concentration.  This 
problem  is  emphasized  in  vortical  flow  where  particles 
rarely  exist  at  the  vortex  core  and  do  not  always  follow  the 
stream  lines. 

A  new  method  was  developed  which  enable  to 
overcome  some  of  these  difficulties.  The  technique 
proposed  for  the  fluid  flow  analysis  is  the  Fluid  Image 
Velocimetry  (FIV).  It  is  based  on  the  Dynamic 
Programming  (DP)  intensity  correlation  algorithm  for 
Optical  Flow  (OF)  detection  from  a  pair  of  images.  OF 
algorithms  are  typically  used  in  long  range  photography  of 
large  scale  moving  objects.  A  similar  approach  can  be  used 
for  fluid  velocimetry.  Colored  tracing  materials  such  as 
paints  or  smoke,  which  are  mixed  in  the  flow,  “paint” 
unevenly  the  whole  volume  of  the  fluid.  The  flow,  being 
laminar  or  turbulent,  causes  shifting  of  the  colored  fluid 
elements,  enabling  the  detection  of  the  flow  movement 
between  sequential  images.  However  conventional  OF  can 
'not  be  directly  used  for  fluid  velocity  measurements 
mainly  due  to  the  deformation  of  the  contours  of  the 
detected  objects  and  due  to  typical  variations  in  the 
recorded  intensities  of  the  sequential  images. 

OF  computation  enables  to  extract  a  dense  velocity 
field  from  a  sequence  of  images,  assuming  that  intensity  is 
conserved  during  displacement.  The  DP  OF  computation, 
can  be  considered  as  a  correlation  based  technique.  The 
principle  is  to  minimize  a  sum  of  square  differences  (SSD) 
between  a  pair  of  images.  The  originality  of  the  present 
approach  is  that  an  optimal  matching  is  searched  for  entire 
image  strips  rather  than  for  pixel  neighborhoods.  DP  is  used 
to  provide  a  very  robust  strip  alignment  and  pyramidal 
iterative  process  is  used  to  compute  the  flow  field.  DP 
algorithm  transforms  the  search  problem  for  a  two- 
dimensional  matching  (global  image  matching)  into  a 
carefully  selected  sequence  of  simpler  search  problem  for 
mono-dimensional  matching  (strip  matching). 
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Being  based  on  information  from  sequential  images, 
the  algorithm  implementation  for  PIV  is  limited  to  flow  of 
low  velocity  field  or,  alternatively,  requires  a  veiy 
expensive  high  speed  CCD  camera.  In  the  present  work 
while  using  conventional  CCD  cameras,  this  difficulty  was 
overcame  by  the  fact  that  such  cameras  are  interlaced.  We 
use  only  one  field  per  frame,  i.e.  the  first  fields  in  the  both, 
the  first  and  the  second  frames.  The  two  frames  are  exposed 
by  two  sequential  laser  pulses  with  a  minimal  time  delay  in 
the  order  of  5  (is.  Obviously,  the  use  of  only  one  field  per 
frame  has  the  draw  back  of  lower  spatial  resolution.  Like  all 
methods  based  on  image  intensity  correlation,  DP  OF 
algorithm  is  very  sensitive  to  the  illumination  and  the 
condition  for  identical  intensities  in  the  sequential  images  is 
compulsory.  In  the  presented  study,  a  special  image 
intensity  correction  is  performed  before  the  DP  OF 
algorithm  is  applied. 

In  addition  to  the  velocity  fluid  measurement,  the  DP 
OF  method  can  be  applied  for  measurements  of  alternative 
flow  parameters.  It  may  be  used  to  detect  the  2D  gradient 
vector  field  of  the  fluid  density  out  of  CCD  recorded 
sequential  Shadowgraphs  (or  Schlierens,  or  Interferograms), 
heat  release  pattern  out  of  CH*  emission  images,  ect.. 

The  main  limitation  for  DP  algorithm  is  that  it  works 
well  only  for  relative  small  displacements  (typically  from  5 
to  10%  of  the  image  size).  However  this  drawback  is 
somehow  compensated  by  subpixel  resolution  of  the 
processing  routine. 

Principle  of  FIV. 

The  main  principle  of  the  FIV  method  is  based  on  the 
DP  algorithm  for  spoken  word  recognition  [5,  6].  One  of  the 
central  problems  in  the  spoken  word  recognition  research 
was  the  elimination  (or  time  normalization)  of  nonlinear 
fluctuation  in  the  speech  pattern  time  axis,  caused  by 
speaking  rate  variation.  The  DP-searching  was  used  for  the 
pattern  matching  algorithm  with  nonlinear  time 
normalization  effect.  In  this  algorithm,  the  time  fluctuation 
was  approximately  modeled  with  a  nonlinear  warping 
function  of  some  carefully  specified  properties.  Timing 
differences  between  two  speech  patterns  were  eliminated  by 
warping  the  time  axis  of  one  so  that  the  maximum 
coincidence  was  attained  with  the  other.  Then,  the  time 
normalized  distance  was  calculated  as  the  minimized 
residual  distance  between  them.  This  minimization  process 
was  very  efficiently  canned  out  by  use  of  the  DP  technique. 

DP-Matching  Principle. 

The  method  adopted  for  FIV  was  suggested  by  Quenot 
[3,  4],  who  based  his  algorithm  on  the  technique  used  for 
speech  recognition.  The  main  idea  of  the  proposed 
algorithm  for  OF  detection  from  a  pair  of  images,  was  to 
transform  the  search  problem  for  bidimentional 
displacement  into  sequence  of  search  problems  for 
monodimentional  displacements.  Two  sequential  images  are 
identically  sliced  into  parallel  and  overlapping  strips  (see 
Fig.  1  and  2).  The  strips  of  images  1  and  2  are  seen  as 
sequence  of  pixel  vectors:  aj*  and  bj.p,  where  0<i,j<I,  and 
1+1  is  the  number  of  pixels  in  slicing  direction  and  p  depicts 
the  pixels  in  each  vector,  with  -W/2  <  p  ^  WI2,  where  W34 


the  width  of  the  strip  in  pixels.  The  matching  process  is 
repeated  for  every  pair  of  strips,  than  the  slicing  is 
performed  in  the  orthogonal  direction.  Finally,  the  whole 
process  has  to  be  reiterated  in  pyramidal  fashion  by 
reducing  the  strips  width  and  spacing  (see  Fig.  1).  The 
algorithm  is  based  on  search  of  a  transformation  that  brings 
the  second  image  over  the  first  one  and  minimizes  the 
distance  d(i,j)  between  them.  This  distance  defined  as: 

p=W/2 

d(i,j)=  X«(P)|a.,-b,J’ 

p=-W/2 

Where  a ip)  is  a  coefficient  used  to  limit  the  window  effect 
in  the  orthogonal  (to  the  slicing)  direction. 

A  matching  path  between  two  strips  is  searched  within 
an  adjustment  window  (see  Fig.  2)  corresponding  to  the 
maximum  absolute  displacement  m.  The  path  should  begin 
on  the  i+j=m  line  and  end  on  the  i+j=2I-m  line.  It  must  be 
continuous  and  increasing  (Fig.  2). 
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Fig.  1.  Image  slicing  with  pyramidal  reducing  the  strips 
width  and  spacing. 
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As  in  speech  recognition  algorithm,  the  global  distance 
D(i,j)  is  defined  for  each  matching  path  as  the  sum  of  the 
local  distance  d(i,j)  along  the  warping  function.  The 
minimum  of  the  global  distance  D(i,j)  is  defined  as  an 
optimal  matching.  It  may  not  be  unique.  D(i,j)  is  calculated 
using  the  following  recurrent  DP  equation: 

D(i,  j  - 1) + d(i,  j  - 1)  +  d(i,  j) 

D(i,  j)  =  min  D(i  - 1,  j  - 1)  +  2  •  (d(i  - 1,  j  - 1)  +  d(i,  j)) , 

D(i  - 1,  j)  +  d(i  - 1,  j)  +  d(i,  j) 


The  initial  and  adjustment  window  conditions  are: 
D(i,j)=0,  if  i+j=m,  D(i,j)=°s  for  |i-j|>m,  or  i+j<m, 


The  end  of  the  optimal  path  is  obtained  from  the 
minimum  of  D(i,j)  on  the  i+j=2  I-m  line.  Backtracking  from 
this  node  along  the  minimal  path  provides  the  optimal  path. 
This  path  is  extrapolated  continuously  outside  of  the 
beginning  and  the  end  lines.  The  m  parameter  is  also 
decreased  along  the  iteration  as  are  the  strip  width  and 
spacing. 

After  each  two  passes  (in  the  two  orthogonal  slicing 
directions),  the  velocity  field  is  updated  for  the  whole  image 
by  interpolation  and  smoothing,  using  the  relative  velocity 
value  calculated  for  the  strip  central  lines.  This  iterative 
process  is  performed  in  pyramidal  fashion,  as  mentioned 
above  (see  again  Fig.  1).  The  width  of  the  adjustment 
window  around  the  diagonal  i=j  is  also  reduced  during 
iterative  process.  At  each  iteration,  the  matching  is  searched 
between  the  original  image  1  and  the  modified  image  2  and 
not  between  two  original  images.  Image  2  is  transformed, 
using  the  velocity  field  evaluated  from  previous  iterations, 
to  the  pattern  of  the  image  1. 


The  main  limitation  for  this  algorithm  is  that  it  works 
well  only  for  relative  small  displacements  (typically  from  5 
to  10%  of  the  image  size).  This  fact  limits  the  algorithm 
implementation  for  FIV  to  flows  of  low  velocity  fields  or 
requires  very  expensive  high  speed  CCD  camera.  In  the 
present  work  this  difficulty  is  overcame  by  the  fact  that 
regular  CCD  cameras  are  interlaced.  We  use  only  one  field 
per  frame,  i.e.  the  first  field  in  first  frame  (second  field  is 
double  exposed)  and  the  first  field  in  second  frame.  An 
additional  problem  was  encountered  which  initially  limited 
the  use  of  the  technique  in  practical  fluid  flow.  The  problem 
arise  from  the  illuminated  technique.  The  use  of  two  laser 
pulses  from  two  Nd:YAG  lasers  for  the  flow  illumination 
causing  difference  in  the  intensity  of  the  two  images.  It  is 
impossible  to  receive  two  completely  identical  pulses  from 
two  different  lasers.  Obviously,  the  algorithm,  based  on 
intensity  correlation  must  be  very  sensitive  to  intensity 
variation  from  image  to  image  in  the  same  pair.  The  FTV 
algorithm  does  not  work  in  this  conditions.  In  order  to 
overcome  this  problem,  image  intensity  correction  is 
performed  before  the  FIV  algorithm  is  applied.  Image 
intensity  correction  is  based  on  histogram  matching 
algorithm. 

Histogram  Matching  Algorithm. 

This  algorithm  allows  to  modify  the  intensity  of  the 
pixel  elements  of  an  image  so  that  the  normalized  intensity 
histogram  of  the  image  matches  a  specified  intensity 
histogram  (i.e.  the  intensity  histogram  of  the  other  one). 
The  procedure  have  the  following  main  steps: 

•  Calculate  the  intensity  histograms  of  both  images; 

•  Calculate  from  the  histograms  the  cumulative  sum  of 
the  number  of  the  pixel  counts  for  each  gray  level  value 
of  each  image  in  order  to  get  a  monotonic  function. 

•  Normalize  each  of  cumulative  sum  by  the  total  sum. 

•  Construct  the  inverse  function  of  normalized  cumulative 
sum  of  the  number  of  the  pixel  counts  Vs. 
corresponding  gray  level  bin  location  (from  the 
histogram)  for  each  image. 

•  Find  by  the  linear  interpolation  of  the  normalized 
cumulative  sum  of  the  highest  intensity  image,  the  new 
gray  level  bin  location  corresponding  to  the  normalized 
cumulative  sum  of  the  lowest  intensity  image. 

•  Construct  the  function  of  the  old  gray  level  bin  location 
Vs  the  new  gray  level  bin  location  for  the  image  of  the 
lowest  intensity. 

Apply  this  function  on  each  pixel  in  the  image  of  the  lowest 
intensity. 

The  Figure  3.  a-c  shows  the  result  of  intensity  correlation  by 
histogram  matching.  The  procedure  was  applied  on  pair  of 
pulsating  jets  images.  The  results  of  FIV  and  FIV 
evaluation  for  this  pair  of  images  presents  in  Figure 
15.  a,  b. 


Fig.  2.  Images  slicing  and  strips  matching. 
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Fig.  4.  Simulation  of  an  image  of  flow  with  particles. 


Fig.  3.  a:  Low  intensity  image  of  pulsating  jets, 

b. :  high  intensity  image  of  pulsating  jets; 

c. :  modified  low  intensity  image  of  pulsating  jets. 


Experimental  Investigation  System. 

The  experimental  system  includes  three  parts: 

A  A  calibration  system  for  linear  and  rotation  movements. 
b'  Periodic  pulsation  of  air  jets  using  our  spray  combustion 
instability  rig. 

C.  Laminar  spray  combustion  system. 

A.  Calibration  of  FIV  system. 

The  calibration  was  performed  in  three  ways. 

The  first  part  of  the  calibration  was  done  in  order  to  find 
conditions  for  minimum  optical  aberration.  Three  objectives 
and  various  distances  were  tested.  A  millimetric  squared 
paper  was  chosen  as  a  object  of  imaging. 

The  second  part  of  calibration  checked  the  accuracy  of 
uniform  linear  (rectilinear)  displacement  measurement.  In 
order  to  simulate  an  image  of  a  seeded  flow,  a  picture  with 
randomlv  placed  black  spots  of  different  size  and  location 
was  used  (see  Fig.  4).  This  picture,  moved  by  a  step  motor 
driven  one-directional  vertical  traverse  with  a  constant 
velocity,  was  chosen  as  a  target  of  imaging.  The  velocity 
was  controlled  via  PC.  Alternatively,  this  velocity  was 
measured  by  recording  the  time  and  displacement  of  the 
traverse  (using  linear  potentiometer)  via  Data  Acquisition 
software  VIEWDAC. 


The  third  part  of  calibration  included  the  measurement 
of  two-dimensional  components  of  the  velocity  vectors.  The 
same  picture  (see  again  Fig.  4)  was  rotated  by  DC  motor 
with  a  constant  angular  velocity.  The  picture  was 
illuminated  by  stroboscope  lamp  (see  Fig.  5)  with  external 
trigger  control  (via  PC).  The  angular  velocity  of  DC  motor 
was  measured  by  analog  tachometer  assembled  on  axle  of 
the  motor  (max.  voltage  ripple  1.5%  peak-to-peak). 


Fig.  5.  Rotating  velocity  measurement  calibration  test 
system. 

In  order  to  evaluate  the  accuracy  of  the  technique,  two 
type  of  data  processing  are  performed.  The  first  is  to  define 
the  border  offset,  namely  to  define  the  inner  region  where 
the  data  is  not  affected  by  the  edges  of  the  image.  The 
second  type  relates  to  variation  of  the  recorded  velocity 
values  (by  the  FIV  system)  relative  to  an  alternative 
(“absolute”)  measurement  technique. 

B.  Pulsating  jets. 

The  general  experimental  investigation  system  (see 
Fig.  6)  consist  of  combustion  chamber,  flow  system,  optical 
measurement  system,  data  acquisition  and  processing 
system.  The  primary  oscillating  stream  is  produced  by  an 
ordinary  atomizer  and  pulsating  ambient  air  which  enters 
the  chamber  through  two  entrance  holes.  Through  the  first 
entrance  hole  steady  air  flow  enters  and  heat  up  by  an 


electrical  heater,  the  oscillating  air  enters  from  the  second 
one. 

The  optical  measurement  system  consist  of: 

•  Two  Nd:YAG  pulse  lasers,  Quanta-Ray,  GCR  -16 
Series, 

•  Digital  pulse/delay  generator,  Stanford  Research 
System,  Inc.,  model  DG  535, 

•  Seeder, 

•  Set  of  lens  and  optical  components, 

•  CCD  camera,  Sony  Corp.,  model  XC-75-CE, 

•  Frame  Grabber,  Data  Translation,  model  DT  3155, 

•  Computer,  Intel,  Pentium  75/32Mb, 

•  Data  acquisition  program,  Data  Translation,  SDK, 

•  FIV  program. 


The  data  acquisition  and  processing  system  include 
flowmeters,  pressure  sensors,  air  pressure  regulators, 
thermocouples,  tachometers,  CH-detectors,  photodiode, 
digital  oscilloscope,  PDPA  data  acquisition  system  with 
computer  Pentium  100/1 6Mb,  A/D  converter  and  computer 
COMPAQ  486/33/8Mb  with  VIEWDAC  data  acquisition 
program. 

C.  Laminar  spray  combustion  system. 

Laminar  spray  flame  (see  Fig.  16  a,  b).  This 
experimental  facility  was  explained  in  details  in  ref.  [2]  . 
Images  of  flow  structures  are  obtained  from  the  region  close 
to  the  nozzle,  where  the  flame  commence. 
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Calibration  Tests. 

In  general,  HV  method  (as  the  conventional  PIV)  may 
reveal  representative  velocity  result  only  in  an  area,  which  is 
slightly  remote  inwards  from  the  original  image  borders.  It  may 
be  looked  as  border  offset,  where  the  offset  is  equal  to  the  value 


Pixel  Columns 


Fig.  7.  Variation  of  distance  between  two  neighbouring  lines 
along  the  image  length  (curve  fitted). 
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Fig.  8.  Rectilinear  velocity  measurement  accuracy  test,  FIV  result. 


of  maximal  displacement  in  corresponding  direction.  However, 
due  to  optical  (spherical)  aberration,  this  offset  could  be  much 
larger  then  the  maximal  displacement.  Calibration  tests  of 
rectilinear  displacement  shows  that  the  offset  could  reach  up  to 
20%  of  whole  image  area.  In  spite  of  the  fact,  that  for  the 
experimental  setup  (objective  f  2.8,  distance  1.12  m)  one  can  not 
visually  recognize  significant  optical  aberration,  and  indeed  it  is 
only  about  of  2.3%  (see  Fig.  7),  however,  calibration  tests  of 
rectilinear  displacement  shows  a  decrease  in  the  region  of 
representative  results  by  60  pixels  offset  in  the  direction  of  the 
displacement.  The  Figs.  8-10  clearly  shows  that  there  are  a  strong 
edge  effect  which  have  to  be  taken  into  consideration.  This  effect 


is  also  recognizable  in  the  images  of  the  rotating  picture  (see 
Figs.  11-13). 


Location  in  X-dirsction,  [Pixels] 


Fig.  9.  Variation  of  the  velocity  vector  components  along  X-axis. 
Result  displayed  are  from  the  middle  row  of  the  velocity  vectors 
matrix. 


Fig.  10.  Variation  of  the  velocity  vector  components  along  Y-axis. 
Result  displayed  are  from  the  middle  column  of  the  velocity 


vectors  matrix. 

In  addition,  images  of  rotating  picture  were  processed  with 
conventional  PIV  algorithm.  In  the  conventional  PIV  processing, 
the  images  were  tested  with  several  interrogation  windows 
(24x24,  32x32,  48  x48  and  64x64  pixels).  Figs  11  and  14  are 
typical  demonstration  for  the  advantage  of  HV  over  PIV.  The 
central  part  of  the  figure  14  is  blank.  In  this  area  even  the 
smallest  interrogation  window  (of  the  mentioned  above)  was  too 
large  to  calculate  the  average  displacement.  On  the  other  side,  in 
the  periphery  of  the  velocity  map  (see  again  Fig.  14),  one  can  see 
the  erroneous  velocity  vectors.  In  these  area  the  interrogation 
window  was  too  small  to  cover  the  large  displacement. 

The  calibration  test  indicated  that  representative  velocity 
values  can  be  obtained  only  at  the  inner  area  which  is  remote 
from  the  border  by  about  three  times  the  maximum  velocity  value 
in  the  displacement  direction.  The  minimal  (theoretical)  error  is 
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in  the  order  of  maximum  displacement  value  in  the  direction,  streams  were  seeded  with  Aluminum  Oxide  particle  of  5  pm 

perpendicular  to  the  slicing  direction.  However  the  strip  width  mean  diameter.  The  flow  was  illuminated  by  two  NdrYAG  pulse 

effect  and  the  spherical  aberration  increase  this  value  to  about  lasers  of  8  ns  duration  fired  at  40  ps  interval,  aligned  and  focused 

three.  The  velocity  value  within  the  inner  area  were  found  to  to  a  common  lightsheet  of  0.3  mm  thick.  The  physical  dimensions 

follow  the  reference  values  with  an  accuracy  of  better  than  94.7%  of  the  field  of  view  was  8  x  6  cm  and  the  image  size  was  768  x 


for  linear  and  97.64%  for  rotating  velocity  tests,  which 
incorporates  again  the  effect  of  spherical  aberration  and  the 
inaccuracy  of  the  calibration  setup  itself. 
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576  pixels.  The  raw  images  were  recorded  using  Sony  camera 
XC-73CE.  Conventional  PIV  processing  of  the  images  using 


Location  in  Y-direction,  pixels] 


Fig.  13.  Variation  of  the  velocity  vector  components  along  Y-axis. 
Result  displayed  are  from  the  middle  column  of  the  velocity 
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vectors  matrix. 


Fig.  11.  Rotating  velocity  measurement  accuracy  test.  FTV 
calculation  result. 


Location  in  X-direction,  [Pixels] 


Fig.  12.  Variation  of  the  velocity  vector  components  along  X-axis. 
Result  displayed  are  from  the  middle  row  of  the  velocity  vectors 
matrix. 


Results  and  Discussion. 

A  comparison  of  FIV  method  with  conventional  PIV  is 
provided  for  experiments  of  two  concentric  streams  interaction 
and  oscillating  laminar  diffusion  flame.  In  the  first  set  of 
experiments,  the  flow  configuration  was  that  of  confined 
concentric  air  streams,  where  the  inner  one  was  pulsating.  The 


Pixels 

20.02  pixels/dt 

Fig.  14.  Rotating  velocity  measurement  accuracy  test.  PIV 
calculation  result 

interrogation  area  of  48  x  32  pixels  reviled  part  “a”  of  the  Fig.  15. 
Velocity  profiles  are  displayed  at  different  axial  position  relative 
to  the  nozzle.  The  vectors  clearly  demonstrate  the  velocity  field. 
However  a  significant  part  of  the  figure  15  is  marked  with  dots.  In 
these  area  the  information  within  interrogation  window  was  not 
sufficient  to  process  an  accurate  velocity  value.  Part  b  of  the 
figure  15  was  obtained  using  the  FIV  procedure  of  the  same  raw 
images.  It  reveals  the  same  flow  field  but  at  a  much  higher 
accuracy  and  details.  The  flow  is  clearly  visualized  and  the  fine 
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details  enable  to  see  the  pulsation  of  flow  where  an  air  “pocket” 
is  moving  from  about  pixel  raw  600  to  pixel  raw  300  in  a  wave 
motion.  It  should  be  noted,  that  FTV  seems  to  have  half  the 
number  of  rows  (288),  however  in  PIV,  every  second  line  is 
obtained  from  linear  interpolation  only. 


is  1  for  FIV  and  about  0.006  for  PIV.  This  is  mainly  due  to  the 
fact  that  in  PIV,  every  velocity  vector  is  a  result  of  displacement 


100  200  300  400  500  600  700 

Pixels 

28.14  pixels/dt 


Fig.  15.  a.:  Cold  oscillating  stream  with  coaxial  outer  steady 
stream.  Typical  PIV  evaluated  vectors  for  pair  of  images  taken  at 
40  ps  interval.  Scale:  8.6  pixels/mm. 


b.:  same  as  above,  but  for  FTV  evaluations. 


It  seems  that  the  additional  information  obtained  in  the  FIV 
originates  from  scattered  illumination  of  small  particle.  As 
mentioned  before,  the  size  distribution  of  the  Aluminum  Oxide 
had  an  average  value  of  5  pm,  however  significant  portion  of  the 
particles  extended  to  the  submicron  range.  These  small  particles 
served  as  the  air  tracers  with  much  more  uniform  distribution, 
practically  covering  all  of  the  observed  volume. 

The  advantage  of  FTV  method  is  also  seen  from  analyzing 
sequential  oscillating  laminar  flame  images.  The  flow  and 
hardware  configuration  was  similar  to  previously  described 
system.  Two  sequential  images  of  seeded  flow  were  recorded  at  2 
ms  interval.  The  flow  configuration  was  as  described  in  details  in 
Ref.  [2].  It  is  of  a  confined  concentric  laminar  streams,  where  the 
inner  one  included  Heptane  fuel  in  form  of  liquid  droplets,  vapors 
and  Nitrogen  as  carrier  gas  for  the  droplets.  Air  flow  was  the 
outer  stream.  The  spray  combustor,  with  low  flow  velocity, 
exhibits  a  unique  operating  mode  in  which  large  amplitude,  self 
induced  oscillations  of  flame  shape  occur.  The  phenomenon,  was 
analyzed  with  PIV  and  FIV.  The  PIV  analysis  were  not  able  to 
recognize  small  vortex  structure  in  the  flame  recirculation  zone, 
mainly  due  to  area  averaging  over  the  interrogation  window.  The 
FTV  method  recognized  the  small  toroidal  vortex  structure  in  spite 
of  the  very  small  displacement  (about  0.5-2  pixels).  In  this  case, 
the  ratio  of  the  number  of  velocity  vectors  to  the  number  of  pixels 


a. 


b. 

Fig.  16.  a.:  Laminar  diffusion  flame.  Typical  FIV  evaluated 
vectors  for  pair  of  images  taken  at  2  ms  interval.  Scale.  13.4 
pixels/mm. 

b.:  same  as  above:  zoom  of  flame  recirculation  zone. 

averaging  over  interrogation  area  (48  x  32  pixels).  Using  the  FTV 
a  dense  velocity  field  for  every  pixel  of  the  image  is  obtained,  see 
figure  16.  a.  In  the  figure  16.  a.,  b„  the  orientation  is  such  that  the 
nozzle  is  shown  horizontally  (gravity  is  towards  the  right 
direction)  and  the  flow  is  from  right  to  left.  It  allows  to  zoom  into 
the  region  of  interest  (the  center  at  the  right  side  of  image)  and  to 
see  the  vortexes  (see  Fig.  16  b.). 

In  addition,  the  FTV  method  can  be  applied  for 
measurements  of  alternative  flow  parameters.  It  may  be  used  to 
detect  the  2D  gradient  vector  field  of  the  fluid  density  out  of  CCD 
recorded  sequential  Shadowgraphs  (or  Schlierens,  or 
Interferograms),  heat  release  pattern  out  of  CH*  emission  images, 
ect.. 
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ABSTRACT 

The  dynamic  interaction  between  a  laminar  flame 
and  a  vortex  is  examined.  The  hydroxyl  (OH)  layer 
produced  by  the  flame  is  imaged  using  planar  laser- 
induced  fluorescence  (PLIF),  and  preliminary  vortex- 
characterization  data  are  acquired  using  acetone  PLIF 
and  digital,  two-color  particle-image  velocimetry  (PIV). 
The  hydrogen-air  flame  is  supported  in  a  nonpremixed 
opposed-jet  burner.  The  apparatus  is  found  to  produce 
highly  repeatable  events,  making  it  ideal  for  studying  the 
interaction  between  a  flame  and  an  isolated  vortex.  A 
distinct  annular  extinction  of  the  OH  layer  is  observed, 
in  good  agreement  with  previous  computational 
modeling  predictions  of  the  apparatus.  In  cases  with  no 
extinction  of  the  OH  layer,  enhanced  burning  is 
observed  during  the  flame- vortex  interaction. 

1.  INTRODUCTION 

Recent  results  in  numerical  modeling  combined 
with  experimental  measurements  have  led  to  important 
advances  in  the  understanding  of  combustion. 
Numerous  investigations  have  contributed  to  these 
advances,  including  a  particular  type  of  study  in  which 
the  interaction  between  a  laminar  nonpremixed  flame 
and  a  vortex  is  examined.  These  experiments  involve 
repeatable,  carefully  controlled  conditions  that  are 
highly  amenable  to  experimental  study. 

In  recent  computational  calculations,  Katta  (1998) 
predicted  that,  during  the  interaction  of  a  nonpremixed 
hydrogen-air  flame  and  an  isolated  vortex,  the  extinction 
of  the  OH  layer  would  occur  in  an  annular  pattern.  The 
experiments  detailed  in  this  paper  are  carried  out  to 
examine,  in  part,  the  validity  of  this  prediction. 
Experimental  results  obtained  with  planar  laser-induced 
fluorescence  (PLIF)  of  OH  are  used  to  determine 
regimes  in  which  the  annular,  Katta-type  extinction 
occurs.  The  nonpremixed  flame  is  supported  by  air  and 
fuel  in  an  opposed-jet  burner.  The  fuel  consists  of 
hydrogen  diluted  with  nitrogen.  The  amount  of 


hydrogen  in  nitrogen  is  varied,  along  with  the  strength  of 
the  vortex.  The  temporal  evolution  of  flame-vortex 
interactions  is  imaged  with  the  PLIF  system. 

Recently,  additional  measurements  have  been 
initiated  for  characterization  of  vortices.  First,  acetone 
is  seeded  into  the  vortex  and  its  laser-excited  fluores¬ 
cence  is  detected.  Second,  particles  are  seeded  into  the 
flowfield,  and  the  scattering  is  used  for  digital,  two- 
color  particle-image  velocimetry  (PIV)  measurements. 
Preliminary  results  from  the  use  of  both  techniques  are 
discussed  in  this  paper. 

2.  BACKGROUND 

Numerous  experimental  studies  of  the  interaction 
dynamics  of  vortices  and  flames  have  been  conducted, 
and  many  of  these  investigations  employed  two- 
dimensional  imaging  to  study  the  interaction.  For 
premixed  flame  fronts,  most  measurements  have  been 
made  using  two  types  of  flames.  Hertzberg  et  al.  (1984) 
and  Escudie  (1988)  conducted  an  experiment  in  which  a 
Karman  vortex  street  was  produced  using  a  cylindrical 
rod  in  a  cross  flow  of  premixed  gases.  A  V-flame  was 
supported  behind  a  wire  positioned  downstream  of  the 
rod  that  produced  the  vortex  street.  Planar  tomographic 
imaging  was  used  to  study  the  interaction  of  the  vortex 
street  with  the  flame.  A  similar  interaction  between  a 
Karman  vortex  street  and  a  flame  was  investigated  by 
Lee  et  al.  (1993)  using  PLIF  imaging  of  OH  and  by  Nye 
et  al.  (1996)  using  both  OH  PLIF  and  PIV.  A 
disadvantage  of  the  vortex  street  is  the  difficulty  in 
isolating  a  single  vortex.  Nguyen  and  Paul  (1996) 
studied  a  more  isolated  interaction  by  replacing  the 
Karman  vortex  street  with  a  vortex  that  was  directed  into 
one  side  of  a  V-flame.  The  vortex-injection  process  was 
found  to  be  highly  repeatable. 

In  a  second  type  of  study  involving  premixed 
combustion,  Jarosinski  et  al.  (1988)  studied  a  flame  that 
was  ignited  at  one  end  of  a  tube  of  premixed  gases.  A 
vortex  was  injected  at  the  other  end  of  the  tube.  The 
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interaction  dynamics  were  then  photographed  using  a 
mercury-xenon  arc  lamp  and  a  rotating-drum  streak 
camera  with  a  rotating-disc  shutter.  Recently,  Driscoll 
et  al.  (1994)  produced  an  impressive  series  of  papers 
concerning  a  similar  flame-vortex  apparatus  in  which 
either  PIV  or  OH  PLIF  (or  a  combination  of  these 
imaging  techniques)  was  applied. 

Nonpremixed  flames  have  also  been  the  subject  of 
experimental  investigation.  Rolon  et  al.  (1995)  recently 
developed  an  apparatus  in  which  a  vortex  is  injected  into 
a  flame  supported  between  the  nozzles  of  an  opposed-jet 
burner.  This  geometry  has  numerous  advantages.  First, 
a  stationary  flame  can  easily  be  produced  and  isolated. 
Second,  the  flame  thickness  can  be  varied  by  changing 
either  the  nozzle  velocities  or  the  spacing  between  the 
upper  and  lower  burner  nozzles.  More  recently,  Chen 
and  Dahm  (1997)  developed  a  facility  for  generating  a 
non-premixed  burning  layer  that  wraps  into  a  vortex 
ring.  The  resulting  combustion  is  studied  under 
conditions  of  normal  gravity  and  microgravity. 

The  experiments  described  in  this  paper  are  based 
on  the  counterflow  geometry  of  Rolon  et  al.  (1995),  and 
the  observations  described  below  rely  heavily  on  the 
progress  outlined  in  their  papers.  A  fuel  mixture  of 
hydrogen  and  nitrogen  allows  the  use  of  laser  diagnos¬ 
tics  in  the  absence  of  hydrocarbon  interferences,  and  the 
reaction  zone  of  these  nonpremixed  flames  is  generally 
much  thicker  than  that  for  premixed  flames.  The 
comparatively  simple  hydrogen-chemistry  mechanisms 
simplify  numerical  calculations  that  are  the  subject  of 
comparison  with  experimental  results. 

3.  APPARATUS  AND  PROCEDURE 

3.1  Burner  Facility 

A  picture  (a)  and  diagram  (b)  of  the  burner  are 
shown  in  Figure  1.  The  configuration  is  based  on  the 
design  of  Rolon  et  al.  (1995).  The  flame  is  supported 
between  upper  and  lower  nozzles  separated  by  40  mm, 
each  with  an  exit  diameter  of  25  mm.  The  fuel  consists 
of  hydrogen  diluted  with  nitrogen  and  flows  from  the 
upper  nozzle.  Air  flows  from  the  lower  nozzle.  Unique 
to  this  type  of  apparatus  is  a  tube  with  5-mm  inner 
diameter  that  is  installed  concentrically  within  the  lower 
nozzle.  This  tube  is  attached  to  a  cylinder  that  contains 
a  piston,  which  is,  in  turn,  attached  to  an  actuator. 
Feeding  an  appropriate  current  to  the  actuator  causes  a 
solenoid  to  force  the  piston  upward  abruptly,  resulting  in 
the  emergence  of  a  vortex  from  the  tube.  The  vortex 
travels  upward  within  the  surrounding  oxidizer  flow.  A 
flow  of  air  is  supplied  to  the  vortex  tube  such  that,  in  the 
absence  of  a  vortex,  the  exit  velocity  matches  the 
velocity  of  the  surrounding  nozzle.  To  minimize  the 


impact  of  room-air  disturbances,  upper  and  lower  guard 
flows  of  nitrogen  are  supported  through  outer  nozzles. 

The  hydrogen,  nitrogen  diluent,  and  oxidizer  air 
flows  are  provided  by  mass-flow  controllers  with  full- 
scale  ranges  of  20  1/min,  20  1/min,  and  30  1/min, 
respectively.  A  continuous  flow  of  air  is  provided  to  the 
vortex  tube  by  a  5-1/min  controller,  while  the  guard  flow 
from  the  upper  and  lower  guard  nozzles  is  provided  by 
two  50-1/min  mass  flow  controllers.  The  flow  rates  of 
each  controller  are  good  to  ±1%  of  the  full-scale  range. 
The  experiments  have  been  repeated  for  several 
different  flame  conditions,  as  summarized  in  Table  I. 


Figure  1.  (a)  Digital  photograph  of  the  opposed-jet 
burner,  (b)  Cross-sectional  diagram  of  the  burner 
nozzles  and  piston. 


Table  I.  Flow  rates  (1/min)  at  21.5°C  and  724  mm  Hg 
for  five  flame  conditions.  Xh2  is  the  volume  fraction 
of  hvdrosen  in  nitrogen  diluent. 

Gas 

Flame 

A 

B 

C 

D 

E 

F 

h2 

2.76 

3.40 

4.04 

4.67 

5.31 

5.94 

N2  Diluent 

17.1 

17.1 

17.1 

17.0 

17.0 

16.9 

Xh2 

0.14 

0.17 

0.19 

0.22 

0.24 

0.26 

Air 

11.2 

11.2 

11.2 

11.2 

11.2 

11.2 

The  vortex  properties  can  be  varied  by  changing 
the  magnitude  and  the  rise  time  of  the  current  that  is  fed 
to  the  actuator.  The  impedance  of  the  actuator  is  in  the 
range  from  1  Q  to  1.5  Q,  depending  on  the  frequency 
content  of  the  current.  At  full  displacement,  a  current  of 
up  to  6  A  is  provided  to  the  solenoid  by  a  specially 
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designed,  high-speed  power  amplifier.  This  can  result  in 
considerable  power  consumption  by  the  actuator  if  the 
full  displacement  condition  is  maintained  for  long 
periods  of  time.  Consequently,  an  AC  waveform  is 
supplied  by  the  initial  application  of  a  negative 
potential,  causing  the  piston  to  be  withdrawn  away  from 
the  flame.  The  negative  potential  is  applied  for  about 
0.5  s  to  allow  the  flame  to  recover  from  this  initial 
disturbance,  which  is  verified  by  digital,  two-color  PIV. 
The  potential  is  then  quickly  changed  to  a  positive  value 
of  the  same  magnitude  with  a  precisely  controlled  rise 
time,  xr.  The  strength  of  the  vortex  can  be  increased  by 
increasing  the  current  magnitude,  which  results  in  a 
larger  displaced  fluid  volume  through  the  exit  of  the 
tube.  Eventually,  the  maximum  displacement  of  the 
solenoid  is  reached.  In  this  case,  the  vortex  strength  can 
also  be  increased  using  a  smaller  value  of  tr.  The 
relationship  among  volume  displacement,  xr,  and  the 
vortex  characteristics  has  been  discussed  in  numerous 
papers,  including  those  by  Rolon  et  al.  (1995),  Roberts 
(1992),  and  Chen  and  Dahm  (1997).  The  drive  current 
for  the  solenoid  is  obtained  by  power  amplifying  the 
output  of  a  digital  arbitrary-waveform  generator.  This 
generator  is  operated  at  its  maximum  number  of  10  000 
quantized  steps,  resulting  in  a  minimum  stepsize  of  0.1 
ms.  For  all  measurements  discussed  in  this  paper,  Tr  is 
set  at  10  ms. 

Visualization  of  the  vortex  formation  and  propa¬ 
gation  via  acetone  PLIF  is  accomplished  using  a 
vaporizer  that  is  installed  between  the  vortex  tube  and 
the  mass-flow  controller.  A  bypass  valve  allows  the 
choice  of  acetone  seeding  level.  Because  the  acetone 
changes  the  flame  characteristics,  these  visualization 
studies  are  limited  to  non-reacting  flows.  When  the 
acetone  studies  are  not  required,  the  acetone  vaporizer  is 
removed  from  the  apparatus. 

Seed  particles  are  introduced  into  the  burner  flows 
when  digital  PIV  measurements  of  the  velocity  of  the 
vortex  are  performed.  Three  particle  seeders  are 
installed:  One  seeder  is  placed  after  the  oxidizer-air 
mass-flow  controller  and  another  after  the  vortex-air 
mass-flow  controller.  The  third  seeder  is  installed  after 
the  junction  where  the  hydrogen  and  nitrogen  gases  are 
mixed.  With  the  use  of  three  seeders,  each  flow  can  be 
seeded  with  particles  individually,  or  combinations  of 
the  different  flow  fields  can  be  seeded.  Each  seeder 
contains  hollow  spherical  ceramic  particles  with  an 
approximate  mean  diameter  of  2.4  pm.  When  PIV 
studies  are  not  required,  the  seeders  are  removed  from 
the  apparatus. 

3.2  Laser  Diagnostics 

The  PLIF  system  contains  a  frequency  doubled, 
Q-switched  Nd:YAG  laser  that  is  used  to  pump  a  fre¬ 


quency-doubled  dye  laser.  The  light  is  directed  through 
a  telescope  that  is  adjusted  to  produce  a  light  sheet  with 
a  height  that  matches  as  nearly  as  possible  the  40-mm 
burner  separation.  The  resulting  beam  thickness  is  -300 
pm,  which  corresponds  to  the  full  width  at  25%  of  the 
peak  of  the  intensity  profile,  and  -15  mJ/pulse  is 
available  at  the  test  section. 

Hydroxyl  radicals  absorb  the  laser  radiation  at 
281.3414  nm  via  the  R](8)  transition  of  the  (1,0)  band  in 
the  A-X  system.  Fluorescence  from  the  A-X  (1,1)  and 
(0,0)  bands  is  detected  at  right  angles  through  WG-295 
and  UG-11  colored-glass  filters,  followed  by  a  105-mm 
focal  length,  f/4.5  UV  lens.  The  resulting  light  reaches 
an  intensified  CCD  camera  with  an  intensifier  gate  width 
of  100  ns.  CCD  pixels  are  binned  in  groups  of  2x2. 
Data  are  stored  on  a  personal  computer.  A  color  table  is 
used  with  a  maximum  value  set  to  95%  of  the  maximum 
signal  for  all  images  taken  at  a  given  flame  condition. 
The  low-signal  color  is  assigned  by  calculating  the 
background  noise  and  selecting  a  minimum  value  that  is 
two  standard  deviations  above  this  level.  Therefore,  in 
cases  where  “extinction”  of  the  OH  layer  is  observed, 
“extinction”  refers  to  signal  levels  that  fall  below  this 
minimum  value  and  are,  therefore,  assigned  the  last 
color  in  the  table.  All  images  represent  the  signal 
collected  during  a  single  laser  shot,  and  no  smoothing  of 
the  resulting  images  is  attempted. 

In  studies  of  flame-vortex  interactions  by  Najm  et 
al.  (1998),  LIF  was  applied  as  a  marker  of  some  other 
quantity  such  as  heat  release  or  burning  rate.  In  the 
present  experiments,  the  OH  image  is  obtained  for  direct 
comparison  with  numerical  computations  of  the  OH 
distribution;  therefore,  no  attempt  is  made  to  correlate 
the  images  with  any  other  quantities. 

Acetone  PLIF  imaging  is  accomplished  using  the 
OH  PLIF  imaging  system.  Here,  the  UG-11  colored- 
glass  filter  is  removed  to  permit  collection  of  the 
acetone  fluorescence. 

Recent  measurements  of  the  velocity  field  have 
been  implemented  using  digital,  two-color  PIV.  Here, 
the  ICCD  camera  is  replaced  with  a  color  digital  CCD. 
This  type  of  CCD  has  a  mask  with  green-transmissive 
filters  for  50%  of  the  pixels,  red-transmissive  filters  for 
25%  of  the  pixels,  and  blue-transmissive  filters  for  the 
remaining  25%  of  the  pixels.  Two  lasers  are  used,  with 
one  sheet  being  produced  by  directly  doubling  the 
output  of  a  Q-switched  Nd:YAG  laser  (30  mJ/pulse  at 
the  test  section).  The  second  light  sheet  is  produced  by 
pumping  a  dye  laser  (employing  DCM  laser  dye)  with  a 
second  frequency-doubled,  Q-switched  Nd:YAG  laser, 
resulting  in  laser  radiation  at  640  nm  (40  mJ/pulse  at  the 
test  section).  The  thickness  of  both  the  red  and  green 
sheets  is  set  to  -700  urn.  A  digital  delay  generator  is 
used  to  drive  the  timing  of  the  two  lasers  such  that  the 
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red  pulses  are  delayed  by  a  precisely  controlled  amount 
of  time  with  respect  to  the  green  pulses.  In  the  absence 
of  a  vortex,  the  underlying  counterflow  velocity  field  is 
probed  with  red  pulses  that  are  delayed  by  up  to  1  ms 
with  respect  to  the  corresponding  green  pulses.  For  the 
fastest  vortices  studied,  the  delay  between  red  and  green 
pulses  is  reduced  to  10  (is.  The  camera  shutter  is  set  to 
be  open  for  1/15  s  to  permit  both  laser  pulses  to  be 
detected  by  the  color  CCD.  Most  of  the  flame  emission 
and  light  emitted  by  other  devices  (monitors,  etc.)  in  the 
laboratory  is  greatly  attenuated  by  the  shutter.  Velocity 
vectors  are  calculated  using  the  correlation  software  of 
Gogenini  et  al.  (1998). 

3.3  Synchronization  and  Timing 

Precise  synchronization  of  several  experimental 
events,  including  vortex  generation  and  propagation, 
production  of  laser  pulses,  and  activation  of  the  camera 
shutter  or  intensifier,  is  required.  A  block  diagram  of 
the  synchronization  scheme  is  shown  in  Figure  2. 

Because  the  Nd:YAG  lasers  are  designed  to  oper¬ 
ate  at  a  nominal  repetition  rate  of  10  Hz,  the  experi¬ 
mental  sequence  must  be  synchronized  to  a  10-Hz 
master  clock  that  drives  the  flash  lamps  and  the  Pockels 
cells  of  the  lasers.  To  trigger  the  laser(s),  the  clock 
sends  two  signals,  one  of  which  travels  to  a  50-0  power 
combiner  and  then  the  laser  digital  delay  generator 


(DDG).  The  10-Hz  clock  also  provides  a  TTL  signal  to 
one  of  two  inputs  of  a  coincidence  unit.  The  second 
input  of  the  coincidence  unit  is  driven  by  a  TTL  pulse 
from  the  PLIF  camera  controller.  The  coincidence  unit 
outputs  a  pulse  only  when  pulses  from  both  the  10-Hz 
clock  and  the  PLIF  camera  controller  are  present.  When 
a  flame-vortex  event  is  initiated  using  a  personal 
computer,  the  PLIF  camera  controller  outputs  a  pulse 
-1.3  s  in  duration.  The  corresponding  output  of  the 
coincidence  unit  is  a  1.3-s  envelope  of  TTL  pulses 
spaced  by  100  ms.  The  first  pulse  in  this  envelope 
triggers  a  master  DDG,  synchronizing  it  with  the  10-Hz 
clock  and  the  laser  pulse  train.  This  DDG  triggers  an 
arbitrary- waveform  generator  (AWG)  that  outputs  a  1-s 
waveform,  which  is  amplified  and  fed  to  the  piston 
actuator  to  generate  a  vortex.  Approximately  0.5  s  after 
the  AWG  waveform  is  initiated,  the  vortex  is  fired; 
therefore,  five  laser  pulses  are  generated  during  the  time 
between  computer  initiation  and  the  flame-vortex 
interaction. 

When  the  DDG  is  externally  triggered,  the  jitter 
between  the  trigger  and  a  DDG  output  pulse  is  60  ps 
plus  the  output  delay  divided  by  108.  Over  the  0.5-s 
period  between  the  first  and  fifth  laser  pulses,  this 
corresponds  to  a  jitter  of  5.06  ns.  The  DDG  clock  jitter 
specifications  are  not  nearly  so  good.  The  jitter  between 
clock  outputs  is  1  part  in  10  000,  corresponding  to  a 


Figure  2.  Diagram  of  electronic  timing  connections. 
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jitter  of  50  ps  over  the  same  0.5-s  period.  Attempting  to 
synchronize  the  piston  with  the  clock  severely  limits  the 
temporal  resolution  available  to  “freeze”  flame-vortex 
events  in  time  and  requires  an  intensifier  gate  width 
significantly  larger  than  50  ps.  The  master  DDG  is 
therefore  configured  to  trigger  the  fifth  laser  pulse 
preemptively.  A  delayed  pulse  from  the  master  DDG 
arrives  at  the  50-£2  power  combiner  just  before  the  fifth 
pulse  in  the  clock  pulse  train,  preemptively  triggering 
the  laser(s).  If  no  initiation  pulse  is  output  from  the 
computer,  the  laser(s)  are  triggered  by  the  10-Hz  clock 
as  usual.  This  approach  reduces  the  jitter  in  the  timing 
of  the  fifth  laser  pulse  from  50  ps  to  ~5  ns  while 
maintaining  the  nominal  10-Hz  repetition  rate  required 
by  the  lasers. 

Another  output  of  the  master  DDG  is  suitably 
delayed  and  directed  to  the  image  detector.  For  PIV 
experiments,  the  width  of  this  TTL  pulse  is  adjusted 
using  a  gate  generator,  which  closes  a  relay  to  trigger  the 
digital  PIV  camera  system.  For  PLIF  experiments,  this 
master  DDG  output  triggers  a  pulse  generator,  which,  in 
turn,  activates  the  intensifier  of  an  ICCD  camera. 

The  scheme  depicted  in  Figure  2  provides  precise 
control  of  the  relative  timing  between  the  laser 
diagnostics  and  the  flame-vortex  event.  To  explore  the 
temporal  evolution  of  the  event,  data  are  captured 
utilizing  this  phase-locked  timing  sequence:  1)  an  image 
is  recorded,  2)  the  delay  between  vortex  production  and 
the  laser/camera  events  is  adjusted,  and  3)  another 
vortex  is  initiated  and  a  second  image  is  recorded.  This 
process  is  repeated  to  acquire  numerous  images,  each 
obtained  at  increasing  delay.  An  animation  is  then 
created  by  assembling  the  individual  images  in  temporal 
order.  Effective  temporal  separation  between  images  is 
selected  between  10  ps  and  200  ps,  depending  on  the 
time  scale  of  the  event  under  study.  The  resulting 
animations  are  a  testament  to  the  high  degree  of 
repeatability  achievable  with  this  apparatus. 

4.  RESULTS  AND  DISCUSSION 


4.1  Vortex  Characterization 

The  sequence  of  acetone  images  in  Figure  3  is 
typical  of  the  sequential  images  used  to  measure  the 
vortex-propagation  velocity  for  a  given  amplitude  and 
rise  time  of  the  solenoid  drive  current.  The  six  images 
in  the  figure  are  selections  from  a  sequence  of  50 
images,  each  delayed  by  100  ps  relative  to  the  previous 
image.  If  the  location  of  the  flame  front  in  the  absence 
of  a  vortex  is  known,  the  acetone  PLIF  image  sequence 
can  be  used  to  estimate  the  velocity  of  the  vortex  at  this 
location.  In  this  case,  the  propagation  velocity  is  -5 
m/s. 


Figure  4.  Scattering  from  particles  in  vortex  flow. 
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Recently,  characterization  of  vortex  properties  has 
been  initiated  using  PIV.  For  example,  Figure  4 
contains  the  scattering  signal  obtained  when  seeding  the 
vortex  tube  flow  with  a  slightly  higher  particle  density 
than  that  produced  by  the  upper  and  lower  burner  seed 
levels.  The  corresponding  set  of  vectors  is  shown  in 
Figure  5.  The  maximum  vector  length  in  the  forward 
direction  yields  a  propagation  velocity  of  0.77  m/s. 
Digital,  two-color  PIV  measurements  are  readily  made 
when  the  flame  is  burning,  offering  a  significant 
advantage  over  the  acetone  PLIF  measurements  of  the 
vortex-propagation  velocity. 


interaction  stages,  the  OH  PLIF  signal  level  is  observed 
to  increase  by  up  to  a  factor  of  five  over  the  levels 
observed  without  a  vortex.  The  increased  signal  level  is 


0.0  ms  1.4  ms  2.8  ms 


Figure  5.  Vectors  calculated  using  the  PIV  image  of 
Figure  4. 

4.2  Regimes  of  Flame-Vortex  Interaction 

The  PLIF  images  of  OH  shown  in  Figure  6  corre¬ 
spond  to  a  flame-vortex  interaction  in  which  extinction 
of  the  OH  layer  is  absent.  Initially,  the  vortex  creates  a 
small  dent  in  the  flame,  and  this  dent  then  grows. 
Eventually  the  flame  nearly  surrounds  the  advancing 
vortex  as  it  approaches  the  upper  nozzle.  In  the  later 


16.8  ms  18.2  ms 

Figure  6.  OH  PLIF  images  when  OH  layer  remains 
intact. 
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indicated  by  the  light  regions  of  the  OH  layer  in  the 
frames  of  Figure  6.  This  change  in  OH  signal  level  is 
thought  to  indicate  enhanced  burning.  For  this  particu¬ 
lar  example,  the  flow  rates  of  Flame  D  of  Table  I  are 


1.6  ms 


If 

1.7  ms 


8.3  ms  9.4  ms 


10.5  ms 


11.6  ms  12.7  ms  14.1ms 

Figure  7.  Sequence  of  images  before  and  after 
extinction  of  the  OH  layer. 


used.  The  images  of  Figure  7  are  obtained  with  flow 
conditions  corresponding  to  Flame  E  of  Table  I. 
Extinction  of  the  OH  layer  takes  place  in  an  annular 
pattern  around  the  sides  of  the  vortex,  leaving  a  burning 
layer  at  its  leading  edge.  This  behavior  was  first 
predicted  numerically  by  Katta  [1],  well  before  these 
experiments  were  initiated,  attesting  to  the  utility  of  his 
code.  After  extinction,  the  isolated  island  of  flame 
bums  away,  and  the  vortex  travels  upward  toward  the 
other  nozzle.  The  flame  follows  the  vortex,  traveling  up 
the  stem.  As  the  flame  overtakes  the  vortex,  it  wraps  up 
and  turns  in  on  itself. 

To  test  the  temporal  resolution  of  the  instrument,  a 
series  of  sequential  images  was  taken  with  a  delay  of  10 
(is.  The  region  of  study  consisted  of  frames  about  1.8- 
ms  delay  shown  in  Figure  7.  This  delay  regime  was 
chosen  to  focus  on  the  so-called  Katta  effect.  The 
repeatability  of  the  apparatus  of  Rolon  et  al.  (1995)  is 
observed  to  be  exceptional. 

5.  CONCLUSIONS  AND  FUTURE  RESEARCH 

The  apparatus  of  Rolon  et  al.  (1995)  has  been 
implemented  for  the  study  of  the  interaction  of  a  flame 
with  a  vortex.  PLIF  measurements  of  acetone  and 
digital,  two-color  PIV  have  been  applied  to  characterize 
the  vortices  injected  into  the  opposed-jet  flow.  PLIF 
images  of  OH  have  been  used  to  observe  the  dynamics 
of  the  interaction  of  the  flame  with  the  vortex.  These 
combined  measurements  show  that  this  burner  can 
provide  effective  temporal  resolution  to  at  least  the  10- 
j_ls  level.  An  annular  break  in  the  OH  layer  has  been 
observed,  in  excellent  agreement  with  the  numerical 
computations  of  Katta  (1998). 

Future  work  will  be  directed  toward  understanding 
phenomena  such  as  the  Katta-type  extinction.  A  variety 
of  parameters  can  be  studied,  such  as  extended  ranges  of 
nitrogen  dilution  in  hydrogen,  different  flame-thickness 
regimes,  and  different  fuels.  To  aid  in  these  studies, 
simultaneous  OH  PLIF  and  digital,  two-color  PIV  are 
presently  being  implemented,  along  with  measurements 
of  the  temperature  field. 
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1.  INTRODUCTION 

Spark  ignited  flame  kernels  in  a  turbulence  field 
do  not  immediately  experience  the  full  spectrum  of 
turbulence  scales  present;  initially  they  are  wrinkled 
only  by  scales  of  smaller  dimensions  than  the  kernel, 
larger  scales  merely  converting  them.  Under 
nominally  identical  mean  turbulence  conditions, 
successive  flame  kernels  behave  differently; 
dependent  upon  the  nature  of  the  3-D  eddies  adjacent 
to  the  ignition  source  from  event  to  event.  Not  until 
the  kernel  becomes  large  enough  to  encompass  the 
bulk  of  scales  available  in  the  turbulent  field  does  the 
bum  rate  become  consistent  from  shot  to  shot  (Abdel- 
Gayed  et  al.,  1987).  This  is  the  cause  of  cyclic 
variation  in  spark  ignition  (SI)  engines  and  ignition 
variability  in  gas  turbines.  Slow  burning  mixtures  are 
particularly  affected  and  the  phenomenon  is  an 
obstacle  to  the  development  of  low  emissions  lean 
bum  and  high  exhaust  gas  recirculation  (EGR) 
engines. 

The  burning  rate  of  such  flames  is  often  expressed 
in  terms  of  a  turbulent  burning  velocity  (ut),  a 
parameter  used  in  many  thermodynamic  cycle  models 
of  engine  combustion  and  in  explosion  hazard 
assessment.  Turbulent  cycle  models  of  engine 
combustion  and  in  explosion  assessment.  Turbulent 
burning  velocities  are  also  derived  in  some  newer 
flame  surface  area  CFD  models  of  turbulent  burning 
(for  example  Wirth  et  al.,  (1993)  and  Weller  et  al., 
(1990))  and  can  hence  be  used  to  validate  them. 
However,  measurement  of  u,  is  problematic; 
particularly  for  flame  kernels  in  their  early  stages  of 
development,  where  it  is  necessary  to  quantify  the 
turbulent  scales  affecting  the  flame  at  any  instant  and 
where  these  scales  vary  in  3-D  and  from  explosion  to 
explosion.  The  experiments  reported  here  were 
designed  to  address  these  problems  using  multiple 
sheet  mie-scattered  light  techniques  to  capture 
developing  turbulent  flame  kernels  in  3-D. 

Combustion  systems  are  routinely  observed  using 
2  dimensional  sheet  imaging  techniques,  this  is 


especially  effective  in  turbulent  systems  where  it  is 
possible  to  characterise  the  flame  wrinkling  (Hicks  et 
al,  1994)  ,  flame  curvature  (Lee  et  al,  1993)  and 
reaction  progress  variables  (Chew  et  al.,  1990). 
However  laser  sheet  measurements  do  have  their 
disadvantages,  inherent  in  the  technique,  is  that 
nothing  is  known  of  the  flame  in  planes  in  front  or 
behind  the  sheet.  Experimental  apparatus  can  be 
designed  to  overcome  this  problem  so  that  there  is 
minimal  variation  in  the  displacement  of  the  flame 
just  normal  to  the  laser  sheet,  e.g.  V  burners  in  where 
a  turbulent  flame  is  stabilised  on  a  length  of  wire 
(Bradley  et  al.,  1992).  However  this  approach  often 
constrains  the  range  of  variables  that  can  be  studied, 
such  as  the  turbulence  intensity  or  the  initial  pressure. 

Measurements  of  non-stabilised  outwardly 
propagating  flame  fronts  are  further  complicated  by 
flame  development.  Movement  of  the  flame  kernel  in 
the  early  stages  of  flame  growth  can  result  in  a  flame 
displacement  well  away  from  the  laser  sheet.  With  a 
single  illuminating  laser  sheet  it  is  often  impossible  to 
determine  whether  the  sheet  is  “slicing”  through  the 
centre  of  the  flame  kernel.  If  it  is  not,  the  measured 
flame  speed  will  be  higher  than  actuality  as  a  result  of 
the  expansion  of  the  flame  normal  to  the  sheet,  this 
may  be  neglected  if  the  sheet  bisects  the  flame 
through  its  centre. 

Smaller  scales  can  give  the  appearance  of  islands 
of  flame  in  front  of  the  main  reaction  that  have 
apparently  been  ripped  away  from  the  main  flame, 
likewise  pockets  of  unbumed  products  can  appear 
behind  the  main  reaction  front.  Unless  very  high 
turbulent  levels  have  been  achieved  these  islands  and 
pockets  are  usually  connected  to  the  rest  of  the  flame 
front,  this  has  been  demonstrated  with  the  use  of  3-D 
imaging  techniques  (Hicks  et  al.,  1994). 

An  understanding  of  these  problems  has  existed 
since  laser  sheet  measurements  were  first  used  within 
combustion  systems  and  various  solutions  have  been 
proposed  to  overcome  the  limitations  of  using  single 
sheets.  In  the  first  of  these  a  laser  beam  was  rapidly 
traversed  through  an  aerosol  seeded  gas  jet  with  the 
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use  of  a  rotating  mirror  (Yip  et  al.,  1987).  The 
resulting  images  were  moved  across  a  CCD  chip 
using  a  second  rotating  mirror.  However,  since  the 
images  are  successive  rather  than  instantaneous,  it  is 
necessary  that  the  traverse  speed  is  very  high  relative 
to  the  flow  movement  between  images.  A  further  limit 
on  the  system  is  the  number  of  consecutive  images 
that  may  be  measured  at  these  very  high  framing 
rates. 

Instantaneous  multiple  sheet  imaging  has  been 
achieved  using  typically  4  sheets  of  different 
wavelengths  simultaneously  generated  (using  a 
Nd:YAG  laser  and  Raman  shifter)  which  pass  through 
the  flame  as  parallel  light  sheets  a  small  distance 
apart  (Mantzarras  et  al. ,  1988).  The  flame  is  imaged 
using  by  Mie  scattering,  were  a  seed  is  selected  that 
whose  light  scattering  properties  are  destroyed  in  the 
flame  front  so  particles  scatter  light  only  in  the 
unbumed  gas  mixture.  The  images  are  captured  onto 
different  parts  of  a  CCD  chip.  However,  4  sheets 
would  appear  to  be  the  limit  on  the  number  of  sheets 
that  may  be  simultaneously  generated  using  a  single 
laser  and  captured  with  CCD  of  currently  available 
size. 

In  this  work  the  number  of  consecutive  imaged 
sheets  has  been  increased  over  previous  techniques  in 
order  to  successfully  characterise  a  non-stabilised 
expanding  turbulent  flame  kernel.  The  method  used 
is  an  extension  of  that  used  by  Yip  et  al.,  1987, 
therefore,  very  fast  laser  repetition  and  data  capture 
rates  were  necessary.  The  technique  is  devoted  to  the 
application  of  3-D  mapping  to  developing  turbulent 
flames,  the  analysis  of  the  imaged  flames  will  be 
covered  else  where. 

2.EXPERIMENTAL 

A  380  mm  diameter  spherical  stainless  steel  vessel 
with  extensive  optical  access  through  3  pairs  of 
orthogonal  windows  of  150  mm  diameter,  was 
employed.  It  could  be  operated  at  initial  pressures 
and  temperatures  of  up  to  15  bar  and  600  K, 
respectively.  The  chamber  was  equipped  with  four 
fans  driven  by  electric  motors,  that  were  run 
throughout  the  experiment  to  generate  the  turbulent 
flow  field. 

The  turbulent  flow  field  was  calibrated  using  laser 
doppler  velocimetry  (LDV).  A  single  velocity 
component  argon-ion  laser  LDV  system  was  used 
with  signal  processing  being  performed  with  a  Dantec 
57N20  Enhanced  Burst  Spectrum  Analyser  (BSA). 
Directional  ambiguity  in  the  velocity  measurements 
was  removed  by  adoption  of  a  40  MHz  frequency 
shift  to  one  of  the  beams.  Alumina  (AI2O3)  particles, 


with  a  nominal  diameter  of  0.3  pm,  were  used  to  seed 
the  airflow.  Measurements  indicated  that,  within  the 
optically  accessed  central  region  (150  mm  diameter), 
the  turbulent  velocity  flow  field  was  essentially 
isotropic  with  very  low  mean  velocities.  The  rms 
turbulent  velocity  was  found  to  vary  linearly  with  fan 
speed  and,  for  the  fan  speed  used  in  this  study  (500 
rpm),  was  measured  to  be  0.56  m/s. 

The  turbulent  integral  length  scale,  L,  was  found 
directly  from  a  spatial  correlation.  For  these 
measurements,  a  second  LDV  system  and  BSA 
processor  were  obtained  on  loan  from  Dantec 
Measurement  Technology.  Simultaneous  velocities 
were  measured  at  two  points  within  the  combustion 
vessel.  The  centre  of  the  vessel  was  taken  as  one 
fixed  measurement  point  whilst  the  second  point  was 
at  variable  horizontal  distances  away  from  the  centre. 
The  longitudinal  integral  length  scale,  was  then 
calculated  from  the  two  point  correlation  function. 
The  length  scale,  L,  was  found  to  be  20  mm  and 
independent  of  fan  speed.  The  Taylor  scale  of  the 
turbulent  flows  used  here  was  calculated  to  be 
approximately  3  mm. 

Lean  {<f>  =  0.6)  turbulent  methane-air  flames  were 
ignited  in  the  centre  of  the  vessel.  The  initial  pressure 
and  temperature  were  1  bar  and  300  K  respectively. 
Two  types  of  flow  seeding  were  tried:  cigarette 
tobacco  smoke  and  solid  particles  of  titanium  dioxide 
(particle  size  typical  0.22  pm).  Both  types  of  seeding 
were  rapidly  consumed  (or  changed  scattering 
characteristics)  in  the  flame,  yielding  excellant  flame 
definition.  However  the  titanium  particles  scattered 
light  better  and  were  more  pleasant  to  work  with  than 
tobacco.  Neither  seed  proved  as  effective  in  the 
combustion  vessel  as  they  had  in  engine  experiments 
(Hicks  et  al.,  1994).  The  fans  proved  remarkably 
efficient  in  depositing  seed  onto  the  vessel  walls  and 
windows;  also,  the  large  timescales  of  bomb 
combustion  events  allowed  for  more  time  for  the  seed 
to  be  dispersed.  Tobacco  smoke  remained  suspended 
longer,  but  was  less  efficient  in  scattering  light  and 
led  to  tar  deposits  on  the  windows  with  extended  use. 

Laser  sheet  images  were  generated  by  an  Oxford 
Lasers  copper  vapour  laser  (CU15)  capable  of 
repetition  rates  from  2  KHz  to  30  kHz.  The  pulse 
length  was  of  the  order  of  20  ns,  the  pulse  energy  at 
18  kHz  was  typically  0.5  mJ.  The  laser  beam  was 
focused  using  a  plano-convex  lens  and  a  sheet 
generated  with  a  plano-convex  cylindrical  lens.  The 
experiment  is  shown  diagramatically  in  Fig.  1 .  The 
laser  sheet  was  moved  using  a  rotating  octagonal 
mirror,  the  speed  of  rotation  determining  the  sheet 
spacing.  The  speed  of  rotation  was  measured  with  the 
use  of  a  helium  neon  laser  pointed  towards  the 
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octagon  mirror,  a  photo-diode  was  then  positioned  so 
that  it  detected  the  helium  neon  beam  but  not  the 
copper  vapour  laser.  There  was  a  slight  divergence 
between  adjacent  sheets  this  was  calculated  to  be  in 
the  worst  case  mm. 

The  flame  sheets  were  imaged  with  a  Kodak 
Ektapro  HS  4540  Motion  Analyzer  which  was  used  at 
rates  of  4,500  fps  full  frame  (256  x  256  pixels)  to 
18,000  fps  quarter  frame  (255  x  64  pixels).  Once 
captured  the  images  were  downloaded  onto  video 
tape.  It  was  possible  to  record  up  to  1064  images  for 
each  event.  A  signal  from  the  camera  was  use  to 
synchronise  the  camera  and  laser.  The  chip  had  an 
effective  film  speed  of  1600  ASA  and  was  used  in 
conjunction  with  a  c-mount  television  lens  used  with 
an  aperture  setting  of  /  1.1.  The  large  aperture 
resulted  in  some  image  blurring  in  the  sheets  furthest 
from  the  spark  gap  where  the  camera  was  focused, 
however,  this  was  preferable  to  the  reduction  in 
contrast  between  burned  and  unbumed  gas  if  a 
smaller  aperture  was  used.  A  510  nm  interference 
filter  was  places  between  the  laser  sheet  and  camera 
lens  to  filter  out  background  light  from  the 
combustion  event,  this  is  unusually  intense  as  a  result 
of  the  emission  of  light  from  the  seed  as  it  is  heated. 

Two  alternative  methods  were  used  to  image 
flames: 

(a)  The  laser  was  fired  at  a  high  repetition  rate 
(1 8  kHz)  and  the  mirror  was  rotated  relatively  slowly. 
Each  face  of  the  mirror  generated  one  sweep  of  the 
through  the  combustion  space  with  multiple  laser 
firings  (and  images)  per  sweep.  For  a  given  laser 
repetition  rate  the  mirror  speed  determined  both  the 
sheet  spacing  and  the  number  of  sweeps  through  the 
combustion  event.  The  lower  the  mirror  speed  the 
closer  the  sheets  but  the  lower  the  number  of  sheets 
that  could  be  recorded  of  the  flame. 

(b)  The  mirror  was  rotated  much  faster  and  the 
laser  fired  at  each  face  only  once  per  revolution,  with 
a  slight  delay  in  firing  from  face  to  face  such  that  the 
sheet  was  displaced  from  shot  to  shot.  With  the 
octagonal  mirror  used  here,  this  allowed  8  slices  per 
sweep  through  the  combustion  event  at  any  instant 
(assuming  minimal  flame  growth  during  the  sweep). 
With  this  method  is  was  possible  to  obtain  very  close 
sheet  spacing,  but  tight  control  of  the  rotating  mirror 
and  the  laser  firing  was  critical  to  maintaining  fixed 
sheet  spacing. 

Results  for  Method  (a)  are  presented  here,  as  it 
was  made  the  most  effective  use  of  the  large  capacity 
of  the  camera.  In  this  work  the  laser  and  camera  were 
run  at  18  kHz.  A  sheet  height  of  approximately  50 
mm  was  used.  No  attempt  was  made  to  synchronise 
the  rotation  of  the  mirror  with  the  time  of  ignition  in 


order  to  control  the  size  of  flame  to  be  imaged.  This 
was  because  the  initial  flame  trajectory  was  found  to 
be  highly  unpredictable,  a  result  of  the  low  laminar 
burning  velocity  of  the  flame  making  it  prone  to 
convection  by  large  turbulent  scales  (Hicks  et  al., 
1996). 

Method  (b)  was  successfully  implemented  using  a 
Cordin  rotating  drum  camera  and  Kodak  TMAX 
1600  film  forced  processed  to  3200  ASA.  The 
overall  image  quality  was  not  as  good  as  Method  (a) 
with  the  video  camera,  this  is  thought  to  be  a  result  of 
poor  seeding  density.  Method  (b)  would  be  better 
suited  on  to  a  mirror  with  more  facets.  Method  (a) 
was  also  tried  with  the  rotating  drum  camera  in  order 
to  obtain  better  spatial  resolution  of  the  sheets. 
However  the  camera  optics  had  an  effective  aperture 
setting  of  /  4.5  and  it  is  thought  this  rendered  the 
seeding  difficulties  more  critical,  as  no  sheet  images 
were  captured  on  film. 

3.  RESULTS 

Shown  in  Figure  3  is  a  set  of  25  laser  sheet 
images,  separated  by  0.7  mm  in  the  third  dimensions, 
through  a  flame  kernel  at  an  “instant”.  The  flame 
edge  has  been  enhanced  by  a  hand  tracing  technique 
resulting  in  the  addition  of  a  bright  line  so  that  the 
flame  edge  can  be  clearly  identfied.  An  equivalent 
sequence  of  single  sheet  images  at  a  single  plane  (for 
a  stationary  sheet)  are  shown  in  Fig.  2,  for  a  similar 
mixture.  It  can  be  seen  that  very  little  flame  growth 
occurs  in  the  time  interval  (1.4  ms)  covering  the  25 
images  shown  in  Fig.  3.  A  spark  plug  in  visible  in  the 
bottom  left  hand  comer  of  the  pictures  and,  in  this 
combustion  event,  the  kernel  centroid  can  be  seen  to 
have  migrated  approximately  “north  north  east”.  This 
migration  is  a  function  of  the  larger  scales  of 
turbulence  at  the  spark  gas  a  the  instant  of  ignition 
and  is  random  from  one  combustion  event  to  another 
(Hicks  et  al.,  1996).  Sheets  1  and  25  cut  through  the 
flame  kernel  close  to  its  outer  edges,  Sheets  12-14 
relate  approximately  to  the  centroid  of  the  kernel,  the 
spark  gap  is  centred  on  sheet  13. 

Viewed  using  schlieren  photography,  such  kernels 
appear  almost  spherical;  these  sheet  images  reveal 
considerable  structure,  even  at  this  earlier  stage  of 
turbulent  flame  development.  An  apparent  island  of 
flame  can  be  observed  in  Frames  17,  18  and  19; 
however,  this  can  be  seen  to  interconnect  with  the 
main  kernel  in  Frame  16.  Similarly  a  pocket  of 
mixture  appears  inside  the  flame  in  Frame  9  and  10; 
which  is  seen  connected  with  the  outside  unbumed 
gas  in  Frame  8.  Although  the  resolution  (~  0.7  mm) 
is  poor  in  absolute  terms,  relative  to  the  large  integral 
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length  scale  of  the  combustion  vessel  (20  mm)  it  is 
possible  to  determine  small  scales  of  turbulence;  its 
adequate  to  resolve  the  Taylor  scale  (3  mm)  if  not  the 
Kolmogorov  scale  (0.15  mm).  The  resolution  in  the 
third  dimension  is  similar  to  that  in  each  2-D  slice. 

Shown  in  Fig.  4  are  four  successive  sets  of  6  laser 
sheet  images  recorded  at  successive  “instants” 
through  a  developing  flame  kernel.  The  laser/camera 
speed  was  again  18  kHz,  but  the  mirror  speed  was 
increased  by  about  4  times  in  order  to  have  a  greater 
number  sweeps,  here  the  sheet  spacing  was  3  mm 
(equivalent  to  the  Taylor  scale).  The  scale  is  the 
same,  the  vertical  dimension  corresponds  to  45  mm  in 
the  combustion  vessel.  In  the  case  of  the  fourth 
sweep  the  sheet  quality  is  poor  and  the  flame  edge 
can  only  be  seen  using  high  contrast.  The  edge  has 
been  added  by  a  hand  tracing  technique  and  is 
identified  as  a  light  line.  As  discussed  earlier,  there  is 
a  compromise  between  sheet  spacing  and  number  of 
sweeps  for  a  given  rotating  mirror.  The  developing 
3-dimensional  nature  of  the  flame  is  clear.  In  this 
case  the  pictures  do  not  show  the  complete  kernel; 
this  could  be  done  only  at  the  expense  of  spatial 
resolution,  as  only  64  pixels  were  available  in  the 
vertical  direction. 

4.  CONCLUSIONS 

Flames  have  been  successfully  mapped  in  3 
dimensions  using  Mie  scattering  images.  The  spatial 
resolution  was  0.7  mm  in  both  the  images  and  in  the 
third  dimension  separating  adjacent  sheets,  this  was 
adequate  to  resolve  turbulent  features  to  the  Taylor 
scale  for  the  experiment.  A  single  turbulent  flame 
kernel  was  “sliced”  by  25  laser  sheets.  Apparent 
islands  and  pockets  of  flame  can  be  seen  to  be 
connected  to  the  main  flame  kernel  at  the  relatively 
low  level  of  turbulence  adopted  in  this  experiment. 
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ABSTRACT 

A  newly  developed  light  collecting  probe  named  the 
Multi-colored  Integrated  Cassegrain  Receiving  Optics 
(MICRO)  is  applied  to  spark-ignited  spherical  spray  flames 
to  obtain  the  flame  propagation  speed  in  freely  falling 
droplet  suspension  produced  by  an  ultrasonic  atomizer. 
Two  MICRO  probes  are  used  to  monitor  time-series  signals 
of  OH  chemiluminescence  from  two  different  locations  in 
the  flame.  By  detecting  the  arrival  time  difference  of  the 
propagating  flame  front,  the  flame  propagation  speed  is 
calculated  with  a  two-point  delay-time  method.  In  addition, 
time-series  images  of  OH  chemiluminescence  are 
simultaneously  obtained  by  a  high-speed  digital  CCD 
camera  to  ensure  the  validity  of  the  two-point  delay-time 
method  by  the  MICRO  system.  Furthermore,  relationship 
between  the  spray  properties  measured  by  phase-Doppler 
technique  and  the  flame  propagation  speed  are  discussed 
with  three  different  experimental  conditions  by  changing  the 
fuel  injection  rate.  It  is  confirmed  that  the  two-point  delay¬ 
time  method  with  two  MICRO  probes  is  very  useful  and 
convenient  to  obtain  the  flame  propagation  speed  and  that 
the  flame  propagation  speed  is  different  depending  on  the 
spray  properties. 

1.  INTRODUCTION 

Since  liquid  fuel  spray  flames  are  heterogeneous 
turbulent  reacting  two-phase  flows,  they  have  inherently 
complicated  transient  structures.  Inhomogeneity  of  spray 
properties,  such  as  number  density,  droplet  size  and  velocity, 
is  further  complicated  as  the  result  of  turbulent  interactions, 
which  produce  various  combustion  phenomena  in  the  same 
flow.  It  was  reported  that  not  only  diffusion-like 
phenomena  but  also  premixed-like  behaviour  were  observed 
in  spray  flames  by  Continillo  and  Sirignano  (1990),  Cessou 
et  al.  (1996),  Greenberg  et  al.  (1996),  Li  and  Williams 
(1996),  Chiu  and  Lin  (1996),  Gutheil  and  Sirignano  (1998), 
and  so  on.  Tsushima  et  al.  (1998)  concluded  that  some 


portions  of  the  fuel  spray  disappear  rapidly  in  a  premixed- 
combustion-mode  due  to  preferential  flame  propagation 
through  easy-to-bum  regions,  whereas  the  nonflammable 
spray  regions  consist  of  droplet  clusters  surrounded  by 
diffusion  flames.  The  results  suggests  that  spray  flames  do 
not  behave  as  a  conglomeration  of  single  droplets  but  as  a 
group  or  cluster  of  droplets  with  premixed  and  diffusion 
characteristics.  Furthermore,  to  resolve  the  premixed- 
combustion-like  behaviour  in  spray  flames,  clarification  of 
the  flame  propagation  mechanism  and  quantitative 
measurement  of  the  flame  propagation  speed  are  strongly 
needed. 

Akamatsu  et  al.  (1994)  observed  a  spark-ignited 
spherical  flame  propagating  through  a  droplet  suspension, 
which  is  freely  falling  and  entraining  surrounding  air,  in 
order  to  observe  the  flame  propagation  mechanism  and  the 
detailed  flame  structure  in  sprays  under  the  minimal 
influences  of  atomization  and  fluid  motion.  In  the  study,  a 
pair  of  short-exposure  images  of  OH-radical 
chemiluminescence  and  either  of  flame  luminosity  in  G,- 
radical  band  or  of  Mie-scattering  from  droplet  clusters  were 
taken  simultaneously  to  clarify  the  spatial  relation  between 
the  nonluminous  and  luminous  flames  and  unbumed  droplet 
clusters.  Furthermore,  this  observation  was  compared  with 
local  continuous  measurements,  in  which  OH 
chemiluminescence,  CH  bands  emission  and  droplet  Mie 
scattering  were  simultaneously  monitored  together  with  the 
droplet  sizes  and  velocities  by  phase-Doppler  technique.  It 
was  found  that  a  nonluminous  flame  first  propagated 
continuously  through  coexisting  regions  of  small  droplets 
and  gas-phase  mixture  and  that  a  number  of  small-scaled 
droplet  clusters  burned  randomly  associated  with 
discontinuous  luminous  flames  behind  the  nonluminous 
flame  front. 

In  the  present  study,  a  pair  of  newly  developed  light 
collecting  probe  named  the  Multi-color  Integrated 
Cassegrain  Receiving  Optics  (MICRO)  is  applied  to  the 
spark-ignited  spherical  spray  flame  for  monitoring  the  time- 
series  signals  of  OH  chemiluminescence  from  two  different 
locations  separated  at  6  mm  in  the  vertical  direction.  The 
flame  propagation  speed  is  calculated  by  a  two-point  delay- 


35.3.1 


time  method,  in  which  the  time  difference  between  onsets  of 
two  chemiluminescence  signals  detected  by  each  MICRO 
probe  can  be  measured.  In  addition,  time-series  images  of 
OH  chemiluminescence  are  simultaneously  obtained  by  a 
high-speed  digital  CCD  camera  to  ensure  the  validity  of  the 
two-point  delay-time  method  with  two  MICRO  probes. 
Furthermore,  the  relationship  between  the  spray  properties 
measured  by  phase-Doppler  technique  and  the  flame 
propagation  speed  is  investigated  using  three  different  fuel 
injection  rates.  It  is  confirmed  that  the  two-point  delay¬ 
time  method  using  the  two  MICRO  probes  is  very  useful  and 
accurate  to  obtain  the  flame  propagation  speed,  and  that  the 
flame  propagation  speed  are  different  depending  on  the 
spray  properties. 

2.  EXPERIMENTAL  APPARATUS 

Figure  1  shows  the  experimental  apparatus.  An 
magnetostriction  type  ultrasonic  atomizer  (resonance 
frequency  18.5  kHz)  located  at  400  mm  above  a  spark  gap 
(4.0  mm)  produces  kerosene  spray.  The  fuel  injection  rate 
is  adjusted  by  an  electrically-controlled  microsyringe  pump. 
A  vertical  square  duct  (280X280X1325  mm)  is  used  to 
cover  the  whole  test  section  in  order  to  shield  the  droplet 
suspension  from  surrounding  disturbances.  The  atomized 
droplets  freely  fall  entraining  surrounding  air  and  are  ignited 
by  intermittent  electric  sparks  at  the  gap.  After  the  ignition, 
a  spherical  flame  emerges  near  the  spark  gap  and  kept  on 
growing  with  spherical  shape  for  several  tens  of  millisecond. 
Finally,  the  spherical  flame  deforms  flowing  upward  due  to 
the  buoyancy  effect,  and  is  extinguished  by  C02  injection 
just  below  the  ultrasonic  atomizer.  Therefore,  the 
observations  are  concentrated  in  the  period  of  the  spherical 
flame  propagation.  The  experiments  are  conducted  at  three 
different  fuel  injection  rates,  4.4,  6.3,  and  11.0  cm3/min. 
The  ignition  discharge  duration  time  is  20  ms. 

To  detect  OH  radical  chemiluminescence  locally  in  the 
flame,  two  sets  of  newly  developed  light  collecting  probes 
named  Multi-colored  Integrated  Cassegrain  Receiving 
Optics  (MICRO)  are  used.  Kauranen  et  al.  (1990)  and 
Nguyen  and  Paul  (1996)  have  previously  applied 
Cassegrain-type  optics  to  combustion  flows  to  monitor 
multi-colour  images.  Figure  2  shows  the  MICRO  probe 
system  used  in  this  investigation,  which  consists  of  an 
optimized  pair  of  concave  and  convex  mirrors  combined 
with  an  optical  fiber  cable  (Mitsubishi  Densen  Co.  Ltd.,  ST- 
U200D-SY,  NA  =  0.2,  core  diameter  =  200  pm).  The 
MICRO  probe  system  has  no  chromatic  aberration  and 
minimized  spherical  aberration.  In  addition,  the 
measurement  volume  center  can  be  easily  visualized  using 
visible  laser  light  guided  into  an  optical  fiber  through  a 
collimating  lens  (see  Fig.  3)  in  the  reverse  direction.  This 


Concave  mirror 


Optical  fiber 


Fig.  2  Configuration  of  the  Multi-color  Integrated 
Cassegrain  Receiving  Optics  (MICRO) 

feature  enables  precise  optical  alignment,  which  is  necessary 
when  dealing  with  UV  signals,  such  as  OH 
chemiluminescence.  The  light  collection  efficiency 
distribution  of  the  system  is  evaluated  using  a  ray-tracing 
method  by  Wakabayashi  et  al  (1998),  and  the  effective 
control  volume  size  is  estimated  at  1.6  mm  long  and  200  pm 
in  diameter. 

The  light  collected  by  each  MICRO  probe  is  directed  to 
a  detection  unit  through  the  optical  fiber  cable,  as  shown  in 
Fig.  3.  The  light  emitted  from  the  other  end  surface  of  the 
optical  fiber  cable  expands  according  to  the  numerical 
aperture  (NA).  To  collimate  the  expanding  light,  a 
collimating  lens  is  attached  at  the  end  surface.  The  OH 
chemiluminescence  signal  in  the  collimated  light  is  detected 
by  photomultiplier  tubes  (Hamamatsu,  R106UH)  after 
passing  through  an  narrow-band  optical  interference  filter 
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to  A/D  converter 


Fig.  3  Configuration  of  detection  unit  of  the 
MICRO  system 


Fig.4  Arrangement  of  measurement  locations  of  two 
MICRO  probes  and  the  spark  gap 


(peak  wavelength  =  308.5  nm,  half-value  width  =  18  nm)  to 
reject  background  noise.  The  current  signals  from  the 
individual  photomultiplier  tubes  (PMTs)  are  converted  to 
voltage  signals  by  I-V  converters  (NF  Electronic  Instrument, 
Model  LI-76),  amplified,  and  then  filtered  by  an  electrical 
low-pass  frequency  filter  (NF  Electronic,  FV-665,  cut-off- 
frequency  =  5  kHz).  The  time-series  signals  are  digitized 
into  12  bits,  Le.  0  to  4096,  by  an  A/D  converter  (Elmec,  EC- 
2390)  and  recorded  by  a  computer  with  digital  sampling 
time  of  10  ps  (100  kHz). 

Figure  4  shows  the  measurement  location  of  two 
MICRO  probes  (MICRO  A  and  MICRO  B)  and  the  spark 
gap.  The  MICRO  A  and  B  probes  are  aligned  at  4  and  10 
mm  above  the  spark  gap,  respectively.  The  distance 
between  the  two  measurement  locations  is  6  mm. 

As  shown  in  Fig.  3,  to  observe  the  evolving  processes  of 
the  spherical  spray  flame,  time-series  images  of  OH 
chemiluminescence  are  recorded  by  a  high-speed  digital 
CCD  camera  (Kodak,  EKTAPRO  HS4540)  simultaneously 
with  the  measurement  of  the  two  MICRO  probes.  The  OH 
chemiluminescence  from  the  flame  is  imaged  onto  a  CCD 
array  of  256X256  pixels  in  the  high  speed  camera  through 
an  optical  interference  filter  (peak  wavelength  =  308.5  nm, 
half-value  width  =  18  nm)  and  an  image  intensifier 
(Hamamatsu,  C4273).  Images  are  recorded  in  the  transient 
memory  of  the  image  processing  system  and  digitized  into  8 
bit,  Le.  intensities  between  0  and  255.  The  frame  rate  is 
4,500  frames/s  and  the  maximum  number  of  frames  obtained 
continuously  in  one  run  is  limited  to  1,024,  which 
corresponds  to  the  actual  time  of  228  ms  due  to  the  memory 
capacity  of  the  image  processor.  A  pulse-delay-generator 
(Stanford  Research  Systems,  WC  Model  DG535)  is  used  to 
control  the  triggering  timing  of  the  spark  discharge  and  each 
measurement  device. 


3.  RESULTS  AND  DISCUSSION 

3.1  Performance  Evaluation  of  the  MICRO  Probe  System 

Before  the  MICRO  probe  system  could  be  applied  to  the 
spherical  spray  flame,  experimental  verification  of  the 
MICRO  system  was  conducted.  Although  the  effective 
control  volume  size  of  the  MICRO  system  was  estimated  at 
1.6  mm  long  and  200  m  in  diameter  using  the  ray-tracing 
method,  a  fraction  of  the  light  emitted  from  outside  the 
effective  control  volume  does  reach  the  detectors  since 
chemiluminescence  is  spatially  dispersed  in  flames  and  the 
MICRO  system  is  designed  for  high  sensitivity  inside  the 
effective  control  volume  and  not  for  completely  blocking 
external  signals.  Therefore,  simultaneous  measurements  of 
OH-radical  chemiluminescence  by  the  MICRO  probe  system 


11.4  mm 


Fig.  5  A  direct  photograph  of  the  premixed  Bunsen  flame 
with  the  measurement  point  of  both  the  MICRO 
system  and  the  electro-static  probe 
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and  the  ion  current  by  an  electro-static  probe  (Langmuir- 
probe),  whose  sensor  tip  is  a  Pt-Ptl3%Rh  thin  wire  of  100 
m  in  diameter  and  1  mm  long,  were  conducted  in  a 
premixed  natural  gas  Bunsen  flame.  The  inner  diameter  of 
the  burner  port  is  11.4  mm.  The  flame  appearance  and  the 
measurement  point,  which  was  50  mm  above  from  the 
burner  port,  are  shown  in  Fig.  5.  The  measurement  point  is 
located  at  the  fluctuating  flame  tip  on  the  central  axis  of  the 
flame.  Figure  6  shows  the  simultaneous  time-series  signals 
of  the  ion  current  captured  by  the  electro-static  and  OH 
radical  chemiluminescence  obtained  by  the  MICRO  system. 
The  OH  signals  obtained  by  the  MICRO  probe  show  highly 
spatially  resolved  features  equivalent  to  the  ion  current 
signals  detected  by  the  thin  tip  of  the  Langmuir  probe. 
These  results  confirmed  that  the  fraction  of  light  collected 
from  outside  the  effective  control  volume  is  negligible 
compared  to  the  light  collected  inside  the  effective  control 
volume.  The  MICRO  probe  system  thus  exhibited 
sufficiently  high  spatial  resolution  to  observe  local 
combustion  phenomena  without  perturbing  the  flow. 

3.2  Observation  of  Growing  Processes  of  the  Spherical 
Flame 

Figure  7  shows  time-series  signals  of  OH- 
chemiluminescence,  IOH,  obtained  by  the  two  MICRO 
probes  together  with  the  corresponding  images  of  OH- 
chemiluminescence  observed  by  the  high-speed  digital  CCD 
camera.  In  image  A  at  t  =  0  ms,  when  the  spark  ignition  is 
initiated,  the  spark  gap  is  superimposed.  The  white  cross 
in  each  image  shows  measurement  locations  of  each  MICRO 


probe  (see  Fig.  4  for  the  detailed  arrangement).  As  seen  in 
these  images,  after  ignition,  the  flame  front  with  low 
brightness  is  first  propagating  through  the  droplet  cloud,  and 
thereafter  bright  luminous  lumps  appear  randomly  inside  the 
flame  ball.  The  abrupt  increase  in  time-series  signal 
intensities  of  the  MICRO  A  probe  implies  that  the  flame 
front  passes  through  measurement  location  A  at  t  =  10.4  ms, 
while  the  MICRO  B  probe,  focused  at  6  mm  above  location 
A,  detects  the  flame  front  at  t  =  47.7  ms.  Local 
chemiluminescence  signals  detected  by  the  two  MICRO 
probes  are  in  good  agreement  with  time-series  OH 
chemiluminescence  images  observed  by  the  high-speed 
digital  CCD  camera.  Hence,  the  two-point  delay-time 
method  is  adopted  to  deduce  the  flame  propagation  speed,  V, 
which  is  defined  as 

V=  L I  At  (1)» 

where  L  denotes  the  distance  between  the  two  measurement 
locations,  which  corresponds  to  6  mm  in  this  experiment, 
and  At  is  the  time  difference  between  the  onset  of  the 
chemiluminescence  signal  detected  by  each  MICRO  probe. 
In  the  case  shown  in  Fig.  5,  the  At  is  37.3  ms.  The  flame 
propagation  speed  in  this  case  is  calculated  at  0.16  m/s. 

As  reported  by  numerous  researchers,  such  as  Edwards 
and  Marx  (1992),  sprays  have  very  inhomogeneous  spatial 
and  temporal  structures  such  that  statistical  analysis  is 
required  for  understanding  spray  flame  behavior.  In  this 
study,  ignition  tests  were  conducted  approximately  100 
times  at  three  different  fuel  injection  rates,  4.4, 6.3,  and  11.0 
cmVmin.  Figure  8  shows  the  probability  distribution  of 
flame  propagation  speed  obtained  in  each  experimental 
condition.  The  average  flame  propagation  speed,  V  , 


Fig.  6  Time-series  signals  of  OH  chemiluminescence  obtained  by  MICRO  probe  system 
and  ion  current  detected  by  the  electro-static  probe 
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A  (0  ms)  B  (3.3  ms) _ C(10.4  ms) _ D(1 6.0  ms) 


Fig.  7  Time-series  data  of  OH  chemiluminescence  images  recorded  by  the  high  speed  CCD  camera 
and  local  OH  chemiluminescence  monitored  by  the  two  MICRO  probe  systems 


measured  in  the  three  different  conditions  is  almost  the  same, 
ranging  from  0.26  m/s  to  0.29  m/s,  while  the  RMS  value,  V’, 
increases  slightly  with  the  fuel  injection  rate.  This  is 
explained  by  the  increase  in  spray  inhomogeneity  with 
increased  fuel  injection  rate,  resulting  in  increased,  non¬ 


uniform  spatial  and  temporal  flame  propagation. 

Since  the  droplets  are  freely  falling  with  some  velocity, 
the  actual  corrected  flame  propagation  speed,  Vc,  in  which 
downward  droplet  velocity  is  taken  into  account,  should  be 
deduced.  Furthermore,  spray  characteristics  are  directly 


V  =  0.26  m/s 
V'  =  0. 7  7  m/s 


flame  speed  m/s 


V  =  0.29  m/s 
V'=  0.13  m/s 


0  0.5  1 

flame  speed  m/s 


V  =  0.29  m/s 
V'  ~  0.16  m/s 


D  0.5  1 

flame  speed  m/s 


(a)  4.4  cm3/min 


(b)  6.3  cm3/min 


(c)  11.0  cm3/min 


Fig.  8  Probability  distribution  of  the  flame  propagation  speed 
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of  the  droplet  suspension  at  the  three  different  fuel  injection  rate 


connected  with  flame  structure.  Hence,  it  is  necessary  to 
know  spray  properties  such  as  mean  diameter,  size 
distribution,  number  density,  slip  velocities  between  gaseous 
phase  and  liquid  phase  and  so  on.  In  this  study,  phase- 
Doppler  technique  is  applied  to  the  freely  falling  droplets 
under  isothermal  conditions.  The  control  volume  of  the 
phase-Doppler  system  is  located  in  the  middle  between  the 
two  measurement  locations  of  the  MICRO  probes  (7  mm 
above  the  spark  gap).  The  droplet  size  distribution  for  the 
three  different  fuel  injection  rates  are  shown  in  Fig.  9, 
together  with  the  Sauter  mean  diameter,  D32,  mean  velocity, 
U  ,  and  RMS  velocity,  U\  of  the  freely  falling  droplets.  It 
is  shown  that  the  Sauter  mean  diameter,  the  mean  and  RMS 
velocities  increase  with  the  fuel  injection  rate.  The  corrected 
actual  flame  propagation  speed,  V#  is  defined  as  follows, 

VC  =  V  +  U  (2)- 


Fig.  10  Variation  of  actual  flame  propagation  speed  at  the 
three  different  fuel  injection  rate 


Figure  10  shows  the  variation  of  the  corrected  flame 
propagation  speed,  Vc ,  in  the  three  different  fuel  injection 
rates,  together  with  the  nominal  flame  propagation  speed, 

V  ,  shown  in  Fig.  7,  and  the  mean  downward  velocity  of  the 
freely  falling  droplets,  U  ,  shown  in  Fig.  8.  The  solid 
circle,  •,  indicates  the  average  value,  and  the  length  of  a 
line  segment  corresponds  to  the  RMS  value.  It  is  shown 
that  the  actual  corrected  flame  propagation  speed,  Vc , 
gradually  increases  with  the  fuel  injection  rate.  Increasing 
the  fuel  injection  rate  increases  the  mass  of  small  droplets, 
which  plays  important  role  in  flame  propagation  due  to  the 
increased  evaporation  rate  of  small  droplets  compared  to 
larger  droplets.  Mizutani  and  Nakajima  (1973)  reported 
that  flame  propagation  speed  in  their  spray  flame  was 
enhanced  by  adding  gaseous  fuel  at  the  optimized  condition. 
Future  work  for  this  experiment  will  identify  the  optimized 
fuel  injection  rate  to  enhance  the  flame  propagation  speed  by 
conducting  a  number  of  experiments  in  various  conditions. 

4.  CONCLUSIONS 

In  order  to  measure  flame  propagation  speed  in 
combusting  spray  systems,  a  pair  of  newly  developed  light 
collecting  probes  named  the  Multi-color  Integrated 
Receiving  Optics  (MICRO)  was  applied  to  a  spark-ignited 
spherical  spray  flame,  propagation  in  a  droplet  suspension  to 
monitor  the  time-series  signals  of  OH  chemiluminescence 
from  two  different  locations.  Firstly,  the  performance  of 
the  MICRO  probe  was  experimentally  investigated  in 
comparison  with  an  electro-static  probe  (Langmuir-probe), 
with  thin  sensor  tip.  The  results  showed  the  MICRO  probe 
has  sufficiently  high  spatial  resolution  to  observe  local 
combustion  reaction  in  flames  without  perturbing  the  flow. 
The  flame  propagation  speed  was  calculated  by  a  two-point 
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delay-time  method,  in  which  the  time  difference  between 
onsets  of  two  chemiluminescence  signals  detected  by  each 
MICRO  system  was  measured.  In  addition,  time-series 
images  of  OH  chemiluminescence  were  simultaneously 
obtained  by  a  high-speed  digital  CCD  camera  to  ensure  the 
validity  of  the  two-point  delay-time  method  with  two 
MICRO  probes.  It  was  demonstrated  that  the  newly 
developed  MICRO  probe  system  was  useful  to  observe  time 
dependent  phenomena  such  as  flame  propagation. 
Furthermore,  the  relationship  between  the  spray  properties 
measured  by  phase-Doppler  technique  and  the  flame 
propagation  speed  was  investigated  for  three  different  fuel 
injection  rates.  As  a  result,  the  flame  propagation  speed 
was  different  depending  on  the  spray  properties. 
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Universitaetsstr.  150,  D-44780  Bochum,  Germany 


1  ABSTRACT 

DMT  (institute  for  research  and  testing,  in  Essen, 
Germany)  constructed  and  operates  a  newly  designed  high 
temperature,  high  pressure  drop  tube  furnace  (KOALA).  In 
co-operation  with  Department  of  Energy  Plant  Technology 
at  the  Ruhr-University  Bochum  (LEAT),  drop  tube 
investigations  of  coal  particle  combustion  were  performed 
at  various  temperatures  up  to  1500  °C  and  pressures  up  to 
20  bar.  At  the  same  time  an  atmospheric  flat  flame  burner 
developed  by  LEAT  is  used  to  observe  homogenious  and 
heterogenious  ignition  processes  and  the  pyrolysis  phase 
during  coal  particle  combustion. 

In  addition  to  conventional  gas  and  ash  analysis,  LEAT 
employs  new  methods  of  insitu  particle  observation  based 
on  Phase  shift  Doppler  Anemometry  (PDA)  and  high- 
resolution  video  techniques  (TOSCA-system).  With  this 
new  insitu  technique,  velocity,  size,  shape,  and  surface 
temperature  of  the  burning  particles  may  be  extracted  from 
one  particle  image  only. 

It  is  the  aim  of  TOSCA,  both,  to  produce  data  for  the 
mathematical  modelling  and  combustion  simulation  of  full 
scale  pressurised  application,  and  improve  the 
understanding  of  the  elementary  reactions  involved  in 
pulverised  coal  combustion  at  the  given  conditions. 

2  EXPERIMENTAL  FACILITIES 

The  testing  facility  is  characterised  as  a  high  temperature, 
high  pressure  drop  tube  furnace  as  shown  in  figure  1.  In 
conjunction  cold  coal  particles  are  dosed  into  the  tube 
within  the  centre  of  the  reaction  zone  with  the  preheated 
reaction  gas.  The  tube  has  a  diameter  of  70  mm  and  is  1 800 
mm  high.  The  coal  particle  input  may  be  varied  from  10  till 
100  g/h  with  the  gas  flow-through  0  to  60  m3/h.  Different 
residence  times  of  the  coal  within  the  reaction  tube  are 
realised  by  varyation  of  the  distance  between  the  fixed 
dosage  system  and  the  relocatable  collector.  A  maximum 
gas  and  reactor  wall  temperature  of  1600  °C  and  a 
maximum  pressure  of  20  bar  are  adjustable.  To  observe 
different  reaction  stadiums,  the  KOALA  furnace  is 
equipped  with  several  viewports  at  three  different  levels  of 
height. 

The  second  apparatus  on  a  laboratory  scale  is  a  small  flat 
flame  burner  FFB  (figure  2).  In  the  center  of  the  flat  flame 
a  special  coal  particle  injektor  supplies  particles  into  the  hot 
gas  flow.  A  quartz  glass  tube  separates  the  hot  atmosphere 
from  the  surroundings,  to  prevent  the  temperature 
distribution  from  being  influenced  through  an  increasing  air 
ratio.  The  tube's  material  allows  the  observation  of  the 
particles  from  the  initiation  of  heating  /Hackert  1997/. 


ash  analysis 


Figure  1:  KOALA-fumace  equipped  with  view  ports  and 
the  PDA  and  TOSCA-systems 


exhaust  exhaustion  device 


Figure  2:  Flat  flame  burner  (FFB)  with  injected  coal 
particles 
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3  HIGH  RESOLUTION  HIGH  SPEED 
CAMERA  SYSTEM  TOSCA 

In  addition  to  conventional  gas  and  ash  analysis,  the  impact 
of  an  elevated  pressure  level  to  coal  combustion  is  being 
investigated  applying  optical  measurement  methods  due  to 
the  insitu  observation.  It  is  possible  to  determine  the 
condition  of  individual  coal  particles  during  the  different 
stages  of  combustion.  The  measurement  system  had  to  be 
configured  to  determine  velocity,  size,  shape,  and  surface 
temperature  of  the  burning  particles.  For  this  purpose, 
I  F  AT  developed  the  new  measurement  system  TOSCA 
/Hackert  1997;  Scherello  1996/. 

The  measurement  techniques  both  at  requires  high 
resolution,  an  extremely  short  exposure  time,  next  to  a  high 
spectrum  resolution  and  measurement  accuracy.  These 
requirements  are  met  through  the  combination  of  a 
telemicroscope  with  two  picture  amplified  CCD-camera 
systems,  fundamentally  forming  the  TOSCA  system 
(Temperature  Measurement  with  Electro  Optical  High 
Speed  Cameras). 


As  shown  in  Figure  3,  the  individual  components  of  the 
system  can  be  specified  as  follows:  the  telemicroscope  is  a 
photosensitive  parabolic  telemicroskope  which  works  on 
the  basis  of  the  Maksutow  principle.  A  maximum 
resolution  of  2.7  pm/Pixel  over  a  distance  of  550  mm  are 
established  by  using  additional  lenses.  In  order  to  achieve  a 
high  picture  quality  and  a  high  luminous  efficiency,  an 
amplified  CCD-camera  with  12  bit  colourscale  is  used.  The 
camera  control  system  provided  by  LaVision,  Gottingen 
Germany ,  allows  moving  particles  to  be  sharply  recorded 
in  a  small  section  of  a  picture  (2x4  mm)  without 
additional  illumination.  These  recordings  are  done  applying 
extremely  short  exposure  time  on  the  scale  of  nanoseconds. 
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Figure  3:  TOSCA-sy stem  fixed  to  one  KOALA  viewport 

3 . 1  Size  and  V elocity  Determination 

The  size  measurement  of  burning  particles  within  the 
KOALA  furnace  provides  information  about  the  swelling 
and  bursting  of  the  burning  particles  and  in  combination 


with  the  sequence  of  the  bum  off.  The  analysis  of  the 
particle  shape  gives  insightprovides  information  about  the 
aggregate  state  (solid  or  liquid)  of  the  coal.  Furthermore, 
the  pyrolysis  flame  and  it’s  influence  on  coal  particle 
ignition  and  combustion  may  be  analysed. 

In  the  FFB  the  pyrolysis  flame  and  the  residence  time  until 
the  ignition  takes  place  may  also  be  determined.  The 
swelling  behaviour  of  different  coals  and  their  particle 
distribution  is  visible  from  the  injection  point  up  to  the 
coke  bum  off. 

To  make  a  quantitative  statement  about  the  size  and  the 
velocity  of  the  particle,  the  resolution  of  the  system  (in 
pm/Pixel)  was  calibrated  with  an  edged  grid.  To  identify 
shape  and  diameter  of  the  particles,  an  algorithm  was 
developed  to  sort  out  the  rough  data  from  the  size 
measurement.  Figure  4  shows  a  original  picture  next  to  it  s 
processed  picture.  As  shown  in  Figure  4,  the  data  are 
extracted  form  the  third  picture.  To  determine  the  size 
distribution  of  the  coal,  picture  series  are  to  be 
automatically  evaluated.  As  shown  in  Figure  5  exemplary, 
results  may  be  graphed  as  a  frequency  distribution. 


Figure  4:  evaluation  of  double  exposured  images  -from  the 
original  image  to  the  size,  shape  and  velocity  evaluation 


Figure  5:  particle  size  distribution  of  Westerholt  coal 
(100  pm  -  125  pm,  Tgas  =  1200  °C,  atmospheric,  pure 
nitrogen) 

Frequency  distributions  at  different  residence  times  give 
information  about  the  swelling  behaviour  of  the  employed 
coal,  influenced  by  heating  rate  and  initial  size  distribution 
(figure  6). 

The  particle  velocity  takes  into  consideration  through 
multiple  exposure  and  the  known  time  gap  between  them. 
The  pictures,  shown  in  Figure  4,  were  taken  by  using 
double  exposure  with  a  defined  delay  time. 
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Figure  6:  swelling  behaviour  of  Ensdorf  coal  (50  /jm  - 
63  fim,  Tgas  =1200°C,  air  ratio  =  1,15) 

As  for  the  size  evaluation,  the  filtered,  double  exposed 
pictures  are  analysed  by  using  the  Particle  -  Tracking  - 
Velocimetry  -  Algorithm  (PTV).  Because  the  direction  of 
the  velocity  is  pre-set,  a  double  exposure  is  sufficient  to 
clearly  determine  the  direction  of  the  moving  particle.  For 
other  applications,  i.e.  swirling  flow,  the  direction  of  the 
moving  particle  may  be  determined  by  triple  exposure  and 
varying  the  time  gaps  between  the  first  and  second  and  the 
second  and  third  exposure.  By  automatically  evaluating 
series  of  pictures,  the  velocity  may  be  graphed  similarly  to 
the  size  distributions  shown  in  Figure  5. 


3.2  Temperature  Determination 

Any  material  owning  a  temperature  above  zero  Kelvin 
emits  thermal  radiation.  According  to  Wiens  law  the 
product  of  the  object  temperature  and  the  wavelength  of  the 
maximal  spectral  radiation  is  constant  (kmax  T  =  2.8978  103 
[mK]).  Therefore,  the  maximum  of  the  specific  radiation 
moves  towards  shorter  wavelengths  with  an  increasing 
temperature  into  the  visible  spectral  region.  For  this  reason, 
the  human  eye  perceives  the  first  coloured  effect  when  the 
object  obtains  a  temperature  of  550  °C.  As  the  temperature 
continues  to  rise,  the  coloured  effect  changes  from  red  to 
white.  The  specific  radiation  and  the  temperature  of  an 
ideal  object  (black  emitter,  s=a=l)  can  be  easily  related  by 
using  the  Plancks  law  of  radiation. 
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ci  =  3,74184  10'16  [Wm2] 
c2  =  1,438786- 10'2  [mK] 

In  contrast  to  the  given  relation  (1)  of  an  ideal  object,  the 
emission  and  absorption  coefficients  of  real  ones  depend  on 
the  wavelength.  Only  when  a  thermal  equilibrium  is 
reached  are  the  coefficients  equal  in  value  but  smaller  than 
one. 
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In  order  to  extract  the  temperature  of  an  object  from  the 
thermal  radiation,  it  is  necessary  important  to  know  the 
emission  coefficient  as  well  as  the  characteristics  of  the 
environment  (i.e.  reflection)  and  the  transmission 
geometric.  Therefore,  the  main  uncertainty  lies  in  finding 
the  emission  coefficient.  Two  colour  pyrometry  is  a 
method,  which  is  used  to  by  pass  this  problem.  By  applying 
this  method  the  ration  from  two  adjacent  spectral  regions 
are  build  which  the  temperature  can  be  determined. 
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As  previously  mentioned,  the  emission  coefficient  of  a 
black  object  equals  one  (sx  =  1).  Observing  a  real  object  in 
two  different  wave  length  arias,  and  accepting,  that  the 
emission  coefficient  in  both  arias  are  roughly  the  same,  the 
object  can  be  indicated  as  a  grey  emitter.  In  that  case  the  s- 
ratio  vanishes. 

The  abovely  mentioned  technique  is  used  by  the  TOSCA 
system  in  order  to  point  out  the  particle  temperatures.  To 
use  this  method  for  determining  the  temperature  on  the 
basis  of  two  colour  pyrometry,  the  radiation  of  a  particle 
are  to  be  recorded  at  two  different  spectral  wave  length  at 
the  same  time.  To  achieve  this,  a  beam  splitter  is  erected  in 
the  beam  path  of  camera  1  which  reflects  the  information  to 
camera  2.  Camera  2  is  placed  at  a  90°  angle  from  camera  1 
tocapture  the  exact  inverse.  Due  to  the  pm  accurate 
mechanical  setup  and  the  exact  synchronisation  of  the 
cameras,  the  same  section  of  a  picture  is  simultaneously 
recorded  by  both  cameras.  By  using  spectral  filters  in  the 
beam  paths  of  both  cameras,  a  synchron  measurement  in 
two  spectral  regions  is  achieved  (Figure  3).  In  contrast  to 
other  two  colour  systems  working  with  fibre  glass  probes 
/Joutsenoja  1996/,  this  layout  has  the  advantage  that  the 
surface  temperature  may  directly  be  visualised  and 
interpreted  in  respect  to  the  particle  size,  shape  and 
velocity. 

In  order  to  measure  temperatures  quantitatively,  the  system 
has  to  be  calibrated  by  distinguished  temperatures.  To 
achieve  this,  a  tungsten  strip  lamp,  which  temperatures  can 
be  measured  using  a  conventional  pyrometer,  was  used  at 
the  LEAT  institute.  The  intensity  ratio  of  two  filtered 
particle  recordings  from  different  spectral  regions  can  be 
related  by  an  exact  temperature.  Figure  7  shows  sections  of 
filtered  pictures  of  particles  recorded  by  camera  1  (A-i)  and 
camera  2  (X2).  The  pictures  are  related  to  each  other  and  the 
temperature  is  assigned  via  a  profile  given  through  the 
calibration  function.  At  the  same  time,  information  about 
the  particle  form  and  size  is  received.  The  particle  velocity 
may  just  be  pointedout  by  using  double  exposure.  A  graph 
of  the  temperature  evaluation  may  also  be  plotted  as  a 
frequency  distribution. 


35.4.3 


Figure  7:  determination  of  temperature  size,  shape  and 
velocity  using  two  colour  pyrometry 


Figure  9:  Size  modification  during  the  bum  off  from 
Ensdorf  and  Spitzbergen  coal 


4  RESULTS 


Since  the  measuring  system  has  just  been  configured 
recently,  a  limited  series  of  measurements  have  been 
performed  and  results  cannot  be  extrapolated  at  this  time. 
Figure  8  shows,  one  of  the  clearest  results  in  which  the 
different  phases  of  coal  particle  combustion  are  visible 
qualitatively.  Phase  1  shows  a  pyrolysis  flame  that  has  just 
been  ignited.  The  actual  particle  is  only  visible  as  a  shadow 
behind  the  pyrolysis  flame.  In  Phase  2  the  flame  remotes 
form  the  particle  because  of  the  different  velocity  of  gas 
and  particle.  Phase  3  shows  an  ignited  particle  with  deeply 
indented,  detached  pyrolysis  flame.  The  last  phase  shows 
the  burning  coke  particle  itself. 


picture  wkftfrg  3.35  mm  ^  picture  width  sSj  mm  ^  picture  wktth=^^nj 


Figure  8:  four  phases  of  the  coal  bum  off  visualised  with 
the  TOSCA-System 

Because  a  clear  gas  flame  would  not  be  seen  using  this 
system,  the  consistency  of  the  pyrolysis  flame  is  left  to  be 
determined.  It  could  be  liquid  tar  or  small  dust  or  soot 
particles.  Examinations  at  the  FFB  shows  the  swelling 
effect  in  dependence  to  the  used  coal  fraction.  Figure  9 
shows  the  swelling  of  two  different  coals  at  the  same 


conditions. 


5  CONCLUSION 

With  the  existing  system,  a  contact  free  measuring 
instrument  is  available  for  research  of  hot  particles.  The 
main  advantage  of  this  system  over  other  systems  is  that  the 
velocity,  size  and  temperature  of  a  particle  can  be 
simultaneously  measured.  Therefore,  a  correlation  between 
the  particular  sizes  may  be  established  faster  and  more 
precisely  than  by  systems  using  different  measuring 
devices  for  each  value. 

6  REFERENCES 

Christmann,  W.  1995:  Temperaturmessung  mit  einem 
Quotientenpyrometer  in  einem  HeiBgaskanal  einer 
Druckkohlenstaubfeuerung,  Dissertation,  Universitat- 
Gesamthochschule-Essen,  Germany. 

Hackert  G„  Kremer  H.,  Scherello  A.,  Walter  M„  Wirtz  S. 
1997:  Simultane  Erfassung  der  Temperatur,  GroBe  und 
Geschwindigkeit  von  Kohlepartikeln  in  einem 
Kohlenstaubdruckreaktor.  VDI-Report  of  the  18th  Deutsch- 
Niederlandischen  Flammentag,  Delft,  Netherlands. 

Hackert  G„  Kremer  H.,  Scherello  A.,.  Wirtz  S.,  Bonn  B„ 
Seewald  H.  1997:  Fallrohr-Untersuchungen  zur 
Verbrennung  von  Kohle  bei  hohen  Temperaturen  und 
Driicken.  VDI-Report  of  the  18th  Deutsch- 
Niederlandischen  Flammentag,  Delft,  Netherlands. 

Hackert  G„  Scherello  A.,  Wirtz  S.,  Bonn  B„  Seewald  H. 
1997:  Drop  tube  investigations  into  coal  particle 
combustion  at  elevated  temperatures  and  pressures.  9 
international  conference  on  coal  science  (ICCS),  Essen, 
Germany. 

Joutsenoja  T.,  Stenberg  J.,  Hemberg  R.  1996:  Pyrometric 
particle  temperature  measurement  in  a  pressurized  fluidized 
bed  gasification  reactor.  Combustion  Science  and  Technik, 
Vol.  121,  pp.  123-132. 

Scherello,  A.  1996:  Experimentelle  und  theoretische 
Untersuchung  des  Einflusses  von  Aufheizgeschwindigkeit 
und  Druck  auf  die  Umsetzung  von  Kohlenstaubpartikeln; 
Dissertation.  Ruhr-Universitaet  Bochum,  Germany. 


35.4.4 


Laser  ignition  of  single  magnesium  particles 

J.F.  Zevenbergen,  A.E.  Dahoe,  A.A.  Pekalski,  B.R.  de  Ruiter  and  B.  Scarlett 


Delft  University  of  Technology,  Division  of  Particle  Technology,  Explosion  Group, 
Julianalaan  136,  2628  BL  Delft,  The  Netherlands 


Abstract 

By  means  of  laser  ignition,  the  Minimum  Ignition 
Temperature  and  Minimum  Ignition  Energy  of  ul- 
trasonically  levitated  single  magnesium  particles  are 
determined  simultaneously  as  a  function  of  particle 
diameter.  The  temperature  transient  of  the  particles, 
while  being  heated  by  the  laser  is  captured,  using  a 
fast  optical  fiber  thermometer.  It  is  shown  that 
the  Minimum  Ignition  Temperature  and  the,  with 
respect  to  particle  volume  normalized,  Minimum  Ig¬ 
nition  Energy  are  material  constants  of  magnesium 
and  independent  of  particle  size. 

(Keywords:  laser  ignition,  ignition  en¬ 

ergy/temperature,  optical  fiber  thermometry) 


1  Introduction 

The  minimum  ignition  energy  (MIE)  and  the  mini¬ 
mum  ignition  temperature  (MIT)  are  two  key  para¬ 
meters  in  the  assessment  of  the  ignitability  of  com¬ 
bustible  mixtures,  like  dust  clouds.  The  MIE  of  a 
powder  is  determined  with  standardized  equipment 
and  involves  a  capacitive  electric  spark.  By  gradu¬ 
ally  lowering  the  voltage  of  the  capacitor  and  hence 
the  energy  content  of  the  spark,  a  minimum  will  be 
reached  at  which  ignition  fails  to  occur  in  ten  suc- 
cussive  attempts.  This  value  is  taken  as  the  MIE. 
However,  since  each  spark  generated  has  a  different 
duration,  energy  intensity  and  shape,  its  application 
as  a  means  for  determining  the  MIE  requires  control 
and  quantification  of  these  effects.  Thusfar  this  has 
proven  to  be  impossible. 

The  MIT  of  a  powder  is  determined  by  means 
of  a  furnace  [1],  which  is  maintained  at  a  variable 
but  uniform  temperature.  It  consists  of  a  tube  23 
cm  in  length  and  with  a  diameter  of  3.9  cm.  The 
dust/air  mixture  is  introduced  into  the  furnace  by  an 


air  blast  from  one  end  of  tube.  Such  an  air  blast  gen¬ 
erates  a  non-uniform  turbulent  flow  field  within  the 
oven.  Turbulence  is  known  to  make  a  combustible 
mixture  more  difficult  to  ignite,  hereby  overestimat¬ 
ing  the  MIT.  Effects  of  fouling  and  residence  time  of 
the  particles  in  the  furnace  also  play  a  significant  role 
in  the  determination  of  the  MIT.  It  is  therefore  gen¬ 
erally  accepted  that  a  furnace  will  not  give  reliable 
values  of  the  MIT,  although  being  an  internationally 
recognized  standard. 

Currently  a  new  method  is  being  developed  to 
determine  the  MIE  and  MIT  of  a  dust/air  mixture 
simultaneously  by  means  of  laser  ignition.  A  laser 
offers,  in  comparison  by  spark  and  furnace,  a  far  bet¬ 
ter  control  over  the  heating  process  of  the  particles. 
In  order  to  be  able  to  determine  these  parameters  of 
a  dust  cloud,  it  is  necessary  to  perform  experiments 
with  single  particles.  A  particle  in  a  dust  cloud  must 
reach  its  MIT  in  order  to  ignite.  The  intensity  re¬ 
ceived  by  each  successive  layer  within  the  irradiated 
volume  decreases  exponentially  with  distance.  Thus 
there  may  be  a  point  beyond  which  the  intensity  is 
too  low  to  contribute  to  the  ignition,  e.g.  particles 
beyond  this  point  absorb  radiation,  but  do  not  con¬ 
tribute  to  the  ignition  process.  This  is  exactly  the 
point  where  measurements  of  single  particle  ignition 
are  needed. 

Lasers  have  been  previously  applied  in  ignition  re¬ 
search.  Zhang  et  al  [2,  3]  used  a  continuous  Nd:YAG 
laser  with  a  wavelength  of  1.06  /xm  and  a  variable 
output  power  to  heat  single  particles  of  coal  placed 
on  the  end  of  an  optical  fibre.  The  minimum  power 
required  to  iginite  a  coal  particle  was  determined  and 
related  to  the  type  of  coal  and  the  particle  size.  De¬ 
pending  on  the  volatile  content  of  the  particles,  three 
different  ignition  mechanisms  were  identified:  homo¬ 
geneous  (gas-phase),  heterogeneous  and  hybrid.  The 
higher  the  volatile  content  the  more  homogeneous  the 
ignition. 
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Wong  et  al  [4]  studied  the  temperature  history  be¬ 
fore  ignition  of  a  char  particle  suspended  in  an  elec¬ 
trodynamic  balance  and  heated  by  a  C02  laser.  The 
temperature  history  was  measured  with  an  optical 
pyrometer.  The  effect  of  oxygen  concentration  and 
of  the  ignition  delay  time  on  the  probability  of  igni¬ 
tion  were  studied. 

Qu  et  al  [5]  determined  the  temperature  history 
of  graphite  and  several  types  of  coal  particles  heated 
amd  ignited  on  a  silica  plate  by  a  C02  laser.  The  in¬ 
fluence  of  the  volatile  matter,  particle  diameter,  oxy¬ 
gen  content  and  laser  intensity  on  each  type  of  carbon 
particle  was  studied.  Increasing  the  laser  intensity 
shortened  the  heating  time,  while  an  increase  in  oxy¬ 
gen  concentration  gave  rise  to  a  higher  combustion 
temperature. 


2  Experimental 

The  experimental  setup  for  igniting  single  particles 
is  shown  in  Figure  1.  A  C  02 -laser  (Synrad)  with  a 
wavelength  of  10.59  pm  and  a  nominal  output  of  60  W 
is  used  as  the  heating  source.  The  laser  can  be  oper¬ 
ated  in  a  continuous  mode  as  well  as  in  a  pulse  mode 
with  a  variable  pulse  duration.  The  emitted  laser 
beam  (4  mm  diameter)  is  split  into  two  equal  parts 
by  means  of  a  ZnSe  beamsplitter.  This  to  achieve 
symmetrical  irradiation  of  the  particle.  Next,  with 
a  gold  plated,  fused  silica  mirror,  each  of  the  two 
beams  is  led  through  a  plano-convex  ZnSe  focussing 
lens  with  a  focal  length  of  150  mm.  The  particle 
which  is  to  be  ignited  is  held  at  the  focal  point  of  the 
laser  beams  by  means  of  an  ultrasonic  levitator.  The 
temperature  of  the  particle  is  recorded  by  means  of 
an  optical  fiber  thermometer  (OFT),  which  can  cap¬ 
ture  temperatures  ranging  from  200  °C  to  2000  °C  at 
a  rate  of  10.000  measurements  per  second. 


Figure  1.  Schematic  diagram  of  the  setup  used 
for  single  particle  ignition.  (1)  Mirror  (2)  Lens 
(3)  Ultrasonic  levitator  (4)  Beamsplitter. 


Spherical  magnesium  particles  with  diameters  be¬ 
tween  250  and  1000  pm  were  used  for  the  ignition 
experiments.  The  particles  used  for  the  experiments 
were  not  pretreated,  like  for  instance  removing  the 
oxide  layer.  From  experience  it  is  known  that  the 
naturally  formed  oxide  layer  has  no  traceable  effect 
on  the  value  of  the  measured  MIT.  Furthermore,  the 
untreated  particles  allow  for  a  realistic  representation 
of  the  material,  as  used  in  the  process  industries. 

3  Theory 

The  temperature  distribution  within  a  spherical  par¬ 
ticle  during  laser  heating  is  described  by  the  heat 
conduction  equation  [6]  in  spherical  coordinates: 

d(psCp,sT )  _l_d_  (  ,d(X ST)\ 
dt  r2  dr  \  dr  J 

Equation  (1)  is  solved  subject  to  the  following  con¬ 
ditions: 

(i)  The  initial  condition. 

Vr,  t  —  0,  T  —  Too  (2) 

(ii)  The  symmetry  condition  at  the  center. 

Vf,  r  =  0,  —  =  0  (3) 

dr 

(iii)  The  energy  delivered  to  the  surface  of  the 
sphere. 

,  ,  d(XsT)  Qalo  p/rp  rp  \ 

Vt,  t  =  R, 

-e„„(r4-0  (4) 

For  the  heat  transfer  coefficient,  h,  the  Nusselt  num¬ 
ber  for  free  convection  is  used. 

(5) 

where  the  subscript  ”g”  denotes  the  properties  of  the 
surrounding  gas.  Equations  (1)  to  (5)  are  solved  nu¬ 
merically  using  an  implicit  Crank-Nicholson  scheme. 
It  should  be  noticed  that  the  particle  is  assumed  to  be 
irradiated  from  two  sides  (factor  2)  and  that  the  ab¬ 
sorption  efficiency,  Qa,is  cross-sectional  based  (factor 

4)- 
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The  absorption  efficiency  can  be  determined  by 
considering  a  plane,  monochromatic  wave  incident 
upon  the  particle  with  a  given  size  and  optical  con¬ 
stants.  Based  on  the  Maxwell  equations  [7]  Gustav 
Mie  developed  his  theory,  resulting  in  the  most  im¬ 
portant  exactly  solvable  problem  in  the  theory  of 
absorption  and  scattering  by  a  spherical  particle  of 
arbitrary  diameter  and  complex  index  of  refraction. 
Mie’s  solution  of  the  Maxwell  equations  goes  beyond 
the  scope  of  this  article  and  the  reader  is  referred  to 
the  textbooks  of  Van  de  Hulst  [8]  and  Bohren  and 
Huffman  [9]. 

A  schematic  representation  of  the  evolution  of  the 
particle  temperature  is  shown  in  Figure  2.  Two  re¬ 
gions  may  be  distinguished,  namely,  a  first  part  in 
which  the  particle  is  slowly  heated  by  irradiation  fol¬ 
lowed  by  a  second  part  in  which  the  temperature  in¬ 
creases  rapidly  due  to  combustion.  Ignition  is  de¬ 
fined  [10]  as  the  transition  from  a  non-reactive  to  a 
reactive  state  in  which  external  stimuli  lead  to  ther¬ 
mochemical  runaway  followed  by  a  rapid  transition 
to  self-sustained  combustion.  Hence  Figure  2  indeed 
allows  the  determination  of  the  MIE  and  MIT  simul¬ 
taneously  of  the  single  particle. 


Figure  2.  Determination  of  the  MIT  and  MIE 
(T0  denotes  the  initial  temperature  of  the  par¬ 
ticle). 


Figure  3.  Temperature  trace  of  an  ignited  mag¬ 
nesium  particle  (d  =  380/zm). 


Figure  4.  Temperature  trace  of  an  ignited  mag¬ 
nesium  particle  (d  =  580/im). 


4  Results  and  Discussion 

Figures  3  to  5  show  the  successful  irradiation  to  igni¬ 
tion  of  magnesium  particles  with  increasing  particle 
size. 
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Figure  5.  Temeprature  trace  of  an  ignited  mag¬ 
nesium  particle  (d  =  800/im), 

The  melting  point  and  boiling  point  of  magnesium 
are  922  K  and  1363  K  [11]  respectively.  This  in¬ 
dicates  that  these  particles  undergo  heterogeneous 
combustion  when  irradiated  to  ignition,  since  for  ho¬ 
mogeneous  combustion  the  particles  must  first  enter 
the  vapour  phase.  As  can  be  noticed  in  the  figures, 
the  upper  limit  of  the  OFT  was  set  at  1000  K,  since 
the  part  of  the  temperature  trace  beyond  this  tem¬ 
perature  is  irrelevant  for  the  determination  of  the 
MIE  and  MIT.  In  a  few  seperate  experiments  it  was 
found  that  the  temperature  of  the  particles  reaches 
values  well  above  (>  2000  °C  ,  out  of  scale  of  the 
OFT)  the  boiling  point  shortly  after  ignition.  This 
is  in  agreement  with  data  from  literature  on  the  adi¬ 
abatic  flame  temperature  which  varies  between  3250 
and  3500  K,  depending  on  the  equivalence  ratio  [12]. 
Note  that  sometimes,  during  the  heating  process, 
the  particle  vibrates  with  small  amplitude,  causing 
the  ’’wiggles”  in  the  temperature  trace,  see  Figure  5. 
Secondly,  during  the  period  that  the  particles  com¬ 
bust,  they  do  not  always  remain  in  the  pressure  well 
in  the  levitator,  but  jump  out  before  the  combustion 
process  is  completed,  explaining  the  differences  in 
combustion  time. 

In  Figure  6  the  MIT  as  a  function  of  particle  size 
is  given. 
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Figure  6.  Minimum  Ignition  Temperature  of 
magnesium  particles  as  function  of  particle  size. 


As  can  clearly  be  seen  from  this  figure,  the  MIT 
is  a  material  constant  of  magnesium.  The  MIT  of 
the  magnesium  particles  is  763.83  ±  1.65  K.  Accord¬ 
ing  to  the  standard  procedure,  using  a  furnace,  the 
MIT  of  magnesium  is  1033  K  [1]  for  a  cloud  of  mag¬ 
nesium  particles  with  a  median  particle  size  of  240 
jum,  and  833  K  for  a  cloud  of  magnesium  particles 
with  a  median  particle  size  of  28  fJ.m  [13].  As  stated 
before,  a  particle  must  reach  its  MIT,  in  order  to 
ignite.  The  MIT  of  a  cloud  of  magnesium  particles 
should  therefore  be  the  same  as  the  MIT  of  a  single 
magnesium  particle.  This  discrepancy  is  primarily 
due  to  the  residence  time  of  the  particles  in  the  fur¬ 
nace,  which,  in  turn,  is  directly  related  to  the  settling 
velocity  and  hence  particle  size.  The  smaller  the  par¬ 
ticles,  the  lower  the  settling  velocity,  the  longer  the 
residence  time  for  heating  the  particles  to  their  MIT. 
Thus  smaller  particles  require  a  lower  furnace  tem¬ 
perature  in  order  to  still  ignite  when  reaching  the 
end  of  the  furnace.  From  a  physical  point  of  view 
one  could  also  reason  that  the  MIT  should  be  a  ma¬ 
terial  property  and  not,  as  suggested  by  the  results  of 
the  furnace  method,  a  function  of  particle  size.  This 
would  mean  that  the  activation  energy  of  the  com¬ 
bustion  (oxidation)  reaction  is  a  function  of  particle 
size,  contradicting  the  definition  of  activation  energy 
as  suggested  by  Eyring  [14]. 

In  Figure  7  the  MIE  as  a  function  of  particle  size 

is  depicted. 
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Figure  7.  Minimum  Ignition  Energy  of  magne¬ 
sium  particles  as  function  of  particle  size. 

The  MIE  is  here  taken  as  the  amount  of  energy 
accumulated  by  the  particle  upon  ignition,  by  inte¬ 
gration  of  Equation  1.  This  contrary  to  the  electric 
spark,  where  the  MIE  is  taken  as  the  amount  of  en¬ 
ergy  stored  in  the  capacitor  that  just  fails  to  ignite 
the  cloud.  Figure  8  shows  an  overlay  of  the  mea¬ 
sured  temperature  trace  and  the  model,  confirming 
the  validity  of  the  procedure  for  determing  the  MIE. 


Figure  8.  Overlay  of  the  model  (Equation  1  on 
an  experimentally  measured  temperature  trace 
(d  =  850pm). 

As  expected  the  MIE  increases  with  the  third  power 
with  particle  size,  since  the  amount  of  energy  ac¬ 
cumulated  scales  linearly  with  particle  volume  (d3). 


Under  the  condition  that  the  intensity  is  sufficiently 
large  to  heat  the  particles  to  their  MIT,  the  MIE  (as 
well  as  the  MIT)  is  independent  of  the  duration  of  the 
laser  pulse,  as  long  as  it  is  greater  than  the  ignition 
delay  time,  otherwise  the  particle  is  not  irradiated  to 
ignition. 

When  normalizing  the  MIE  with  respect  to  parti¬ 
cle  volume,  again  a  constant  value  is  obtained.  This 
can  be  explained  as  follows.  For  calculating  the  MIE 
the  left  hand  side  of  Equation  1  should  be  integrated 
and  multiplied  with  particle  volume.  Since  the  MIT 
is  constant  and  density  and  heat  capacity  for  each 
particle  follow  the  same  temperature  trajectory  from 
room  temperature  up  to  the  MIT,  only  the  parti¬ 
cle  volume  will  change  the  actual  value  of  the  MIE. 
Therefore,  when  normalizing  with  respect  to  particle 
size,  a  constant  value  will  be  obtained,  see  Figure  9. 
The  particle  volume  normalized  MIE  of  magnesium 
is  9.20396  ±0.02096*  10s  J/m3. 


Tfe 

9,40“ 

* 

9,35" 

r*“i 

■ 

E 

9,30- 

s 

9,25“ 

"O 

0) 

9,20“ 

£ 

9,15“ 

o 

a 

9,10  - 

o 

£ 

p 

9,05“ 

1 

9,00“ 

500  600  700  800  900 

Particle  diameter  (pm) 

Figure  9.  Particle  volume  normalized  Minimum 

Ignition  Energy  as  function  of  particle  size. 

Similar  to  the  dependence  of  the  MIE  on  the  par¬ 
ticle  size,  the  ignition  delay  time  shows  the  same  fea¬ 
ture  of  an  increasing  delay  time  with  particle  size, 
see  Figure  10.  However,  the  ignition  delay  time  is, 
for  the  same  material,  not  only  dependent  on  par¬ 
ticle  size,  but  to  a  large  extent  also  on  the  laser 
intensity  received  by  the  particle,  under  the  condi¬ 
tion  that  it  will  always  be  sufficiently  large  to  ignite 
the  particle.  Although  not  shown,  the  ignition  delay 
time  can  also  be  normalized  with  respect  to  particle 
volume  and  (absorbed)  laser  intensity.  When  nor¬ 
malized,  the  ignition  delay  time  will  give  a  strong 
indication  of  the  validity  of  the  experimental  proce- 
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dure  applied  for  the  determination  of  the  MIT  in  the 
standarized  furnace,  since  it  can  be  directly  related 
to  the  residence  time  of  the  particles  in  the  furnace. 
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Figure  10.  Ignition  Delay  time  as  function  of 
particle  size. 

5  Conclusions 

The  Minimum  Igntion  Temperature  of  magnesium  is 
a  material  constant  and  equals  763.83  ±  1.65  K.  For 
all  heterogeneously  igniting  materials,  the  MIT  will 
be  a  constant.  In  principle,  for  homogeneously  or  hy- 
bridly  igniting  materials,  the  MIT  will  not  exhibit  a 
constant  MIT  as  function  of  particle  size,  since  the 
heating  time  will  determine  the  formation  of  gaseous 
products  that  can  subsequently  ignite  and  dictate  the 
determination  of  the  MIT.  However,  when  the  heat¬ 
ing  time  is  small  compared  to  the  relaxation  time 
of  the  devolatization  process,  again  a  constant  value 
should  be  obtained. 

The  international  recognized  standard  on  the  de¬ 
termination  of  the  MIT,  using  a  furnace,  lacks  a  fun¬ 
damental  basis.  Measurements  performed  according 
to  the  standard  show  a  particle  size  dependence  of 
the  MIT.  However,  this  effect  is  not  directly  related 
to  particle  size,  but  to  the  residence  time  of  the  parti¬ 
cles  in  the  furnace,  which  in  turn  is  related  to  the  set¬ 
tling  velocity.  The  concept  of  determining  the  MIT 
by  laser  heating  is  more  basic.  The  key  question  now 
to  be  answered  is  ”how  many  particles  much  achieve 
the  MIT  before  the  ignition  of  an  explosion  can  be 
considered  to  become  the  propagation  of  an  explo¬ 
sion”  . 


The  Minimum  Ignition  Energy  of  heterogeneously 
igniting  particles  is,  due  to  the  constant  MIT,  a  func¬ 
tion  of  particle  size  only.  When  normalizing  the  MIE 
with  respect  to  particle  volume  a  constant  value  is 
obtained.  The  MIE,  determined  by  laser  heating, 
will  give  the  absolute  minimum  amount  of  energy 
that  is  needed  to  heat  the  particles  to  their  MIT, 
by  integration  of  the  accumulation  term  in  the  well- 
known  heat  conduction  equation.  This  contrary  to 
the  spark,  where  a  part  of  the  energy  stored  in  the 
capacitor  will  be  dissipated  in  energy  forms,  other 
than  the  energy  used  for  heating  the  particles.  The 
ignition  energy  determined  with  a  spark  will  there¬ 
fore  not  be,  contrary  to  what  the  name  suggests,  the 
minimum  amount  of  energy.  Only  in  case  of  gases, 
the  spark  can  be  used  with  reasonable  accuracy  for 
the  determination  of  the  actual  minimum  ignition  en¬ 
ergy  of  these  gases,  since  all  parameters  involved  can 
be  accurately  quantified.  For  dust /air  mixtures  the 
spark  should  be  replaced  by  another  technique,  for 
instance  a  laser. 
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1.  INTRODUCTION 

The  use  of  spherically  expanding  flames  is 
becoming  increasingly  common  as  a  method  of 
studying  flames  under  laminar  conditions  (Dowdy  et 
al,  1990,  Bradley  et  al.,  1996).  A  quiescent  gas 
mixture  is  ignited  and  the  resultant  spherical  flame  is 
easily  imaged  and  filmed.  The  simplicity  of  the  flame 
geometry  means  that  the  effect  of  stretch  is  well 
understood  and  may  be  accounted  for  (Clavin,  1985). 

Under  certain  conditions  the  flame  does  not 
propagate  as  a  smooth  laminar  flame  front,  but 
‘cracks’  appear  in  the  surface  which  ultimately  break¬ 
up  into  a  number  of  individual  cells.  One  of  the 
mechanisms  responsible  for  this  behavior  is 
thermo-diffusive  instability  (Markstein,  1964).  Here 
the  diffusion  of  reactive  species  across  the  flame 
dominates  over  thermal  diffusion.  Under  these 
conditions  the  bum  rate  is  enhanced  in  areas  that  are 
convex  to  the  unbumed  mixture.  However,  where  the 
flame  is  concave  to  the  unbumed  mixture  the  reaction 
is  starved  of  the  deficient  reactant  (either  fuel  or 
oxidant)  and  ultimately  the  flame  is  quenched.  A  LIF 
image  of  OH  is  shown  in  Fig.  1  for  a  fuel  rich 
(<f>  =  1 .4)  iso-octane-air  flame.  Complete  breaks  in 
the  flame  front  are  clearly  visible.  Thermo-diffusive 
instabilities  are  observed  in  lean  hydrogen-air  or  fuel 
rich  heavy  hydrocarbon  fuel-air  mixtures. 

Spherical  flames  can  be  used  to  determine  values 
for  unstretched  laminar  burning  velocity.  These  are 
usually  derived  from  shadowgraph  or  schlieren  flame 
image.  Zhou  and  Gamer  (1995)  adopted  an 
alternative  method  to  determine  the  stretched  laminar 
burning  velocity,  un,  of  spherically  expanding 
propane-air  flames  by  measuring  the  gas  velocity 
ahead  of  the  flame,  ug,  using  Particle  Image 
Velocimetry  (PIV)  then: 

«n  =  Sn  -  Mg 


where  S„  is  the  flame  propagation  speed  which  was 
simultaneously  measured  using  ionisation  probes. 

In  the  currently  reported  study  PIV  measurements 
for  spherically  expanding  iso-octane  -  air  flames  have 
been  made  for  fuel  rich  (0  =  1.4)  mixtures.  This 
equivalence  ratio  was  chosen  in  order  to  investigate 
the  effect  of  thermo-diffusive  cell  formation  on  the 
gas  velocity  in  front  of  spherically  expanding  flames. 

The  PTV  velocities  have  then  been  compared  with 
gas  velocities  predicted  from  schlieren  measurements 
of  similar  flames.  In  this  work  the  flame  speed,  S„, 
was  measured  directly  and  ug  is  calculated  based  on 
an  assumption  of  the  laminar  flame  thickness 
(Bradley  et  al.,  1994).  The  transition  of  the  flame  to 
a  cellular  structure  was  clearly  observed  on  the 
schlieren  image,  there  was  an  associated  rise  in  the 
flame  speed  a  result  of  the  increased  surface  area  of 
the  flame.  Shown  in  Fig.  2  is  an  example  of  this  for  a 
iso-octane  -  air  flame  at  2  bar.  In  the  early  stages  the 
flame  speed  can  be  seen  to  drop  with  time,  this  is 
indicative  of  a  highly  unstable  flame  as  the  flame 
speed  increases  with  stretch  (Bradley  et  al.,  1994). 
At  9  ms  the  flame  speed  is  seen  to  increase  rapidly,  at 
this  point  the  flame  surface  was  observed  to  have  a 
“pebbled”  appearance. 

2.  EXPERIMENTAL 

Flames  were  ignited  in  a  stainless  steel  spherical 
bomb  of  380  mm  diameter.  Three  pairs  of  orthogonal 
windows  of  150  mm  diameter  provided  extensive 
optical  access.  Fuel  rich  iso-octane  -  air  mixtures 
{</>  =  1.4)  were  burned  at  1  and  2  bar,  the  unbumed 
gas  temperature  was  358  K.  Reactant  mixtures  were 
made  up  within  the  vessel,  fans  were  run  on  the  inside 
of  the  vessel  were  used  to  ensure  the  air  and  fuel  were 
completely  mixed.  The  vessel  was  then  left  for  at 
least  1  minute  to  ensure  the  mixture  has  become 
quiescent. 

The  illuminating  sheet  required  for  the  PTV 
technique  was  generated  by  an  Oxford  lasers  copper 
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vapour  laser  (model  CU15),  the  beam  was  formed 
into  a  sheet  using  plano-convex  and  plano-convex 
cylindrical  lenses.  The  laser  sheet  was  positioned 
directly  above  the  spark  plug,  eliminating  any  flow 
normal  to  the  sheet,  only  a  portion  of  the  flame  was 
imaged;  the  laser  sheet  typically  being  50  mm  high 
and  0.6  mm  thick.  The  laser  repetition  rate  was 
nominally  5  kHz.  Light  from  the  laser  beam  was 
scattered  by  zirconia  seed  in  the  unbumed  mixture; 
this  was  blown  in  to  the  bomb  during  mixing  by 
placing  a  small  charge  of  compressed  air  behind  a 
measured  quantity  of  seed. 

A  high  speed  Cordin  rotating  drum  camera  was 
used  to  record  the  images.  Kodak  35  mm  TMAX 
film  was  used  and  developed  to  an  effective  film 
speed  of  3200  ASA.  An  interference  filter  (of 
approximately  50  %  transmission)  was  placed  in  front 
of  the  camera  lens  to  remove  light  of  wavelengths 
other  than  that  of  the  laser  beam.  The  PIV  images 
were  digitised  using  a  Nikon  LS-1000  film  scanner  at 
a  resolution  of  100  pixels/mm.  Particle  positions 
were  cross-correlated  for  successive  images  using 
Visiflow,  commercial  software  developed  by  AEA, 
Harwell.  High  accuracy  in  alignment  of  the 
successive  images  was  essential,  this  was  achieved  by 
“bleeding”  two  laser  beams  from  the  main  beam  into 
the  camera  with  the  use  of  fibre  optic  cables.  Two 
reference  points  were  generated  on  the  2-D  image 
which  could  be  recognised  by  the  software  and  the 
images  aligned  automatically. 

3.  RESULTS  AND  DISCUSSION 

Shown  in  Figs.  3  and  4  are  two  images  and  their 
corresponding  PIV  velocity  fields  of  flames  at 
pressures  of  1  and  2  bar,  for  flame  radii  of  26  mm.  In 
both  cases  the  flame  front  is  clearly  defined  by  the 
sudden  reduction  in  seed  density  associated  with  the 
change  in  gas  density  in  moving  from  unbumed  to 
burned  gas  in  the  images;  the  seeding  density  is 
higher  in  the  2  bar  flame.  The  PIV  images  were 
generated  using  an  interrogation  area  of  128  X  128 
pixels,  which  corresponded  to  a  1.7  x  1.7  mm  section 
in  the  vessel.  Processing  was  performed  with  50  % 
overlap.  It  can  be  seen  that  the  gas  is  pushed  ahead 
of  the  flame  having  a  maximum  velocity  just  in  front 
of  the  flame  (ug).  At  1  bar  the  flame  surface  is 
observed  to  be  smooth  and  the  flame  spherical;  it  has 
yet  to  break  up  into  cells,  although  this  does  occur  as 
the  flame  grows  to  larger  radii.  At  2  bar  (at  the  same 
26  mm  flame  radius)  the  presence  of  cells  can  be  seen 
across  the  flame  front  where  the  seed  has  survived  in 
the  cracks  within  the  flame  front.  The  seed  has  not 
survived  very  far  into  the  cracks,  numerical 


computations  of  thermo-diffusive  flames  show  that 
despite  the  quenching  of  reaction  within  the  cracks 
the  temperature  remains  very  high,  this  may  be 
sufficient  to  produce  the  density  drop  seen  here 
(Patnaik  et  al,  1988). 

Shown  in  Fig.  5  is  the  fall  in  the  gas  velocity  with 
distance  from  the  flame  front  for  a  flame  at  1  bar. 
The  gas  velocity  quickly  decays  and  reaches  zero  at 
above  30  mm  ahead  of  the  flame  front.  The  decline 
in  ug  is  greatest  closest  to  the  flame;  thus  the 
measurement  of  ug  at  the  flame  front  may  result  in 
errors,  as  in  the  PIV  technique  a  single  velocity  is 
assigned  to  an  interrogation  area.  Further 
investigation  of  the  velocity  very  close  to  the  flame 
would  be  useful. 

From  Fig.  4  it  can  be  seen  that  the  breaks  in  the 
flame  front  appear  to  have  little  influence  on  the 
velocity  field  ahead  of  the  flame.  To  confirm  this, 
further  processing  was  performed  close  to  the  flame 
front  using  a  smaller  interrogation  area  (64  x  64 
pixels,  0.8  x  0.8  mm,  75  %  overlap)  with  the  object  of 
observing  a  diverging  velocity  field  in  front  of  the 
cracks,  a  typical  example  is  given  in  Fig.  6  for  a  1  bar 
flame.  The  flow  field  is  remarkably  uniform  along 
the  flame  front  just  ahead  of  the  flame,  there  appears 
to  be  no  marked  change  in  the  velocity  as  a  result  of 
the  presence  of  cells  or  any  divergence  within  the 
flow.  Visualisation  techniques,  e.g.  such  as 
subtracting  the  mean  flow  and  generating  streamlines, 
revealed  no  divergence  in  the  flow  field  as  a  result  of 
the  cracks  in  the  flame  front. 

The  gas  velocities  ahead  of  the  flame  measured 
using  PIV  are  compared  to  those  derived  from 
schlieren  experiments,  the  results  are  shown  in  Fig.  7 
for  a  1  bar  flame.  In  the  schlieren  measurements  the 
gas  velocity  was  not  determined  directly  but  can 
calculated  based  on  assumptions  of  the  flame 
thickness,  further  details  of  this  method  are  available 
elsewhere,  Bradley  et  al.,  1998.  At  smaller  radii  the 
PIV  measurements  give  lower  velocities  than  those 
derived  from  schlieren  images,  this  is  thought  to  be  a 
result  changes  in  the  behavior  of  the  ignition  kernel 
associated  with  the  seed  material;  however,  further 
work  is  necessary  to  confirm  this.  Nevertheless,  later 
in  the  flame  growth  there  is  reasonable  agreement 
between  the  gas  velocity  values  derived  via  the  two 
separate  techniques  despite  the  potential  inaccuracies 
identified  earlier. 
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4.  SUMMARY 


A  PIV  technique  has  been  used  to  measure  the  gas 
velocity  ahead  of  fuel  rich  (<f>  =  1.4)  iso-octane  -  air 
flames.  A  certain  radii  the  flame  spontaneously  broke 
up  into  cells  as  a  result  of  thermo-diffusive  instability. 
Gas  velocity  ahead  of  the  flame  was  unaffected  by  the 
presence  of  cells  on  the  flame  front.  Good  agreement 
was  found  between  the  gas  velocities  ahead  of  the 
flame  measured  with  PIV  and  those  derived  from 
schlieren  images  of  flames  at  the  same  conditions. 
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Figure  1.  A  LIF  image  of  OH 
for  a  laminar  fuel  rich 
1.4)  iso-octane  -  air 
flame. 


Fig.  2.  Flame  speed  against  radius  for  an  iso-octane  -  air 
(0=  1.4)  flame  at  2  bar.  These  measurements  were  derived 
from  high  speed  schiieren  images. 
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Fig.  3.  A  sheet  image  of  a  <t>  =  1.4  iso-octane  -  air  flame  at  1  bar  and  the  corresponding  velocity  field.  The  vertical 
distance  corresponds  to  approximately  20  mm  in  the  combustion  vessel. 
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Fig.  4.  A  sheet  image  of  a  <f>=  1.4  iso-octane  -  air  flame  at  2  bar  and  the  corresponding  velocity  field. .  The  vertical 
distance  corresponds  to  approximately  20  mm  in  the  combustion  vessel. 


Fig.  5.  The  gas  velocity  for  a  streamline  directly  vertical  from  a  flame  at  1  bar. 
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Fig.  6.  A  sheet  image  of  a  <j>=  1.4  iso-octane  -  air  flame  at  1  bar  and  the  corresponding  velocity  field.  Interrogation 
area  0.7  x  0.7  mm,  75  %  overlap. 


Fig.  7.  A  comparison  between  the  gas  velocity  measured  directly  by  PIV  and  that  derived  from  schlieren  images  for  a 
fuel  rich  iso-octane  -  air  mixture  at  1  bar. 
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Abstract 

The  flow  field  associated  with  a  rotating  fan  under 
steady  and  transient  operating  conditions  was 
investigated  using  LDV  and  PIV.  Starting  with 
steady  state  operation,  spatial  and  temporal  evolution 
of  the  flow  field  down  stream  of  the  rotor  plane  was 
obtained  using  a  PIV  system.  Measurements  in  the 
cross-sectional  and  stream  wise  planes  were  obtained 
using  a  high  resolution,  high  frame  rate  PIV  system. 
At  selected  locations  in  a  cross-sectional  plane 
downstream  of  the  rotor  exit,  simultaneous 
measurements  using  LDV  and  PIV  were  also  carried 
out.  Under  transient  operating  conditions,  the  rotor 
passage  flow  was  measured  using  the  LDV  system. 
With  the  fan  under  constant  acceleration,  flow  fields 
in  the  interblade  region  were  measured  using  LDV 
while  the  flow  field  down  stream  of  the  rotor  exit 
plane  were  measured  using  the  PIV  system.  Data 
analysis  techniques  used  involve  the  ability  to  study 
cycle-to-cycle  variation,  the  influence  of 
asymmetries  and  differences  in  blade  geometry. 
Issues  relating  to  spatial  resolution  of  PIV  and  LDV 
in  making  measurements  in  rotating  machinery  flows 
were  also  looked  at. 

1.  Introduction 

The  dynamics  of  the  flow  field  associated  with 
compressors,  turbines,  fans,  helicopter  rotors  and 
other  rotating  machinery  are  of  interest  in  areas 
relating  to  operational  efficiency  improvement  and 
noise  reduction.  Extracting  detailed  flow  properties 
with  high  spatial  resolution  would  allow  insight  into 
the  nature  of  the  flow,  and  provide  methods  to 
control  or  manipulate  the  desired  system  parameters. 
However,  these  type  of  measurements  have 
demanded  unique  capabilities  from  diagnostic 
systems.  Non-invasive  techniques  offer  the  greatest 
promise  in  meeting  these  challenging  measuring 
situations. 


In  the  present  study,  two  powerful  diagnostic  tools  - 
PIV  and  LDV  -  were  used  to  investigate  the  flow 
field.  Phase-averaged  measurements  using  a  two 
component  LDV  system  were  carried  out  to  explore 
the  flow  in  the  interblade  region  of  the  rotor.  Under 
steady  operating  conditions,  phase-averaged 
measurements  using  an  LDV  system  has  been  carried 
out  to  examine  the  flow  properties  within  the 
interblade  region.  In  order  to  examine  the  rotor 
passage  flow  properties  under  special  or  off-design 
conditions,  a  variety  of  new  approaches  have  been 
developed.  These  include  the  ability  to  examine 
cycle-to-cycle  variations,  unsymmetric  flow  patterns 
in  the  interblade  regions,  and  focus  on  special 
regions  in  the  rotor  plane  by  using  unsymmetric 
and/or  multiple  data  windows. 

The  desire  to  obtain  instantaneous  vorticity  fields 
and  information  about  turbulence  structures  has 
highlighted  the  need  for  a  technique  that  can 
measure  velocity  fields  and  their  spatial  derivatives 
at  many  points  with  high  accuracy.  PIV  provides  the 
ability  to  obtain  velocities  at  thousands  of  points, 
simultaneously,  in  a  plane  and  extract  vorticity  and 
strain  rates  fields,  and  other  spatial  variation  of  flow 
properties. 

The  flow  field  downstream  of  the  rotor  exit  plane 
was  studied  using  a  PIV  system.  The  diagnostic 
capability  was  significantly  enhanced  by  extending 
the  technique  to  study  both  the  temporal  and  spatial 
evolution  of  the  flow  fields  Velocity  measurements 
in  cross  sectional  planes  parallel  to  the  exit  plane 
were  obtained  using  a  high  frame  rate  high  resolution 
PIV  system.  Using  the  once-per-revolution  signal 
from  the  rotor,  particle  image  fields  were  captured  in 
the  phase-locked  mode..  Vorticity,  strain  rate  fields 
and  other  associated  properties  have  also  been 
calculated.  In  the  flow  downstream  of  the  rotor,  PIV 
measurements  were  carried  out  in  the  streamwise 
direction  also.  The  combination  of  the  velocity 
measurements  in  the  cross-sectional  and  longitudinal 
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planes  provide  a  detailed  picture  of  the  three 
dimensional  nature  of  the  flow  field. 

At  one  of  the  streamwise  locations  down  stream  of 
the  rotor  exit,  simultaneous  LDV  and  PIV 
measurements  were  made  to  map  the  flow  field  in 
the  cross-sectional  plane.  In  this  case,  the  PIV 
measurements  were  carried  out  over  a  smaller  region 
of  the  flow  field.  This  allowed  the  interrogation 
region  for  the  PIV  system  to  be  significantly  smaller 
in  size.  Results  from  these  and  other  measurements 
were  used  to  examine  the  relative  merits  of  the  two 
measurement  techniques  in  studying  the  flows 
associated  with  rotating  machinery. 

2.  Experimental  Arrangement 

The  periodic  swirling  flow  field  generated  by  the 
rotational  motion  of  a  five-bladed  rotor  was 
investigated  using  LDV  and  PIV  systems.  The  rotor 
rpm  could  be  varied  from  200  to  over  5000.  A  thin 
walled  diffuser  was  attached  at  the  exit  of  the  rotor. 


Experimental  arrangement 


The  diffuser  was  made  out  of  a  thin  walled  plastic 
sheet  so  that  the  effect  of  the  wall  thickness  on  the 
PIV  imaging  is  minimized.  In  order  to  make  LDV 
measurements  in  the  interblade  region  of  the  rotor  a 
small  window  was  put  on  the  casing  of  the  rotor. 

A  once-per-revolution  signal  from  the  rotor  was  used 
to  synchronize  the  measurements  with  the  position 
of  the  rotor  blades.  This  allows  the  field 
measurements  to  be  obtained  at  a  fixed  position  of 
the  blades  and  hence  provides  the  ability  to  do  phase- 
averaging.  The  rotor  also  was  fitted  with  a  shaft 
encoder  so  that  the  angular  position  of  the  rotor 
could  be  directly  read.  This  is  needed  for  operating 
situations  where  the  rotor  is  undergoing  deceleration 
or  acceleration.  The  shaft  encoder  output  was  used  as 


input  to  the  LDV  system  for  the  tests  when  the  rotor 
was  operated  at  constant  angular  acceleration. 

A  PIV  system  with  on-line  and  batch-mode  in  image 
analysis  and  display  was  used  to  measure  the  flow 
field  downstream  of  the  rotor  exit  plane.  The  system 
used  a  compact  dual  laser  configuration  (twin  mini- 
YAG  lasers)  with  integrated  beam  combination 
optics.  The  time  between  laser  pulses  can  be  selected 
from  fraction  of  a  microsecond  to  milliseconds.  The 
50  mJ/pulse  lasers  with  5  nanoseconds  pulse  duration 
were  operated  to  have  30  pulses  (15  double  pulses) 
per  second.  The  combined  beam  from  the  two  mini- 
YAG  lasers  was  delivered  to  the  measuring  region 
using  the  TSI  LaserPulse  light  arm.  The  optical 
components  at  the  end  of  the  light  arm  provides  a 
laser  sheet,  whose  thickness  and  angle  of  divergence 
could  be  controlled.  The  flow  field  in  a  cross- 
sectional  plane  (x-y)  normal  to  the  downstream 
direction  (z-axis)  was  illuminated  using  the  light 


Fig.  lb  Streamwise  (z)  and  longitudinal  (x) 
measurement  locations 

sheet.  In  order  to  capture  the  image  field  with  high 
resolution,  a  TSI  PIVCAM  10-30  camera  with  1024  X 
1024  pixels  resolution  was  used.  The  system  has  the 
unique  ability  to  capture  these  high  resolution  images 
at  the  rate  of  30  frames/sec.  The  frame-straddling 
technique  used  for  image  capture  allows  the  two 
images  (corresponding  to  the  two  laser  pulses)  to  be 
recorded  as  separate  frames  even  for  very  high  speed 
flows.  Frame-straddling  times  of  less  than  400 
nanoseconds  could  be  achieved  with  the  PIVCAM 
10-30  camera.  Precise  control  of  the  laser  pulses, 
camera  and  capture  of  the  high  resolution  images 
was  provided  by  the  TSI  LaserPulse  Synchronizer 
system  operating  under  computer  control. 
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The  once-per-revolution  (OPR)  signal  from 
the  rotor  (from  the  shaft  encoder  system  attached  to 
the  rotor)  was  used  as  the  input  to  the  Synchronizer 
system  so  that  phase-locked  image  capture  could  be 
accomplished.  The  set  up  and  control  of  the  PIV 
system,  and  data  acquisition,  analysis  were  provided 
by  the  TSI  Insight-NT  software  package.  This 
analysis  package  exploits  the  benefits  of  the  32-bit 
environment  utilizing  the  Windows-NT  platform. 
Real-time  image  capture  was  used  to  optimize 
seeding,  image  quality  and  phase-locked  data 
acquisition.  Overlaying  the  calculated  vector  field  on 
the  raw  image  field  provided  a  quick  verification  of 
system  optimization.  The  camera  and  the  laser  light 
arm  were  mounted  on  to  the  same  fixture  so  that  they 
could  be  moved  together  to  get  the  velocity  field  in 
the  x-y  plane  at  various  z-axis  (downstream) 
locations. 

Measurements  in  the  interblade  region  of  the  fan 
rotor  were  carried  out  using  a  TSI  two  component 
fiberoptic  LDV  system  using  ColorBurst, 
ColorLink  Plus,  DataLink  and  IFA  755  signal 
processor.  The  scattered  light  collected  by  the 
fiberoptic  probe,  operating  in  the  backscatter  mode, 
was  input  to  a  ColorLink  Plus  system.  The  output  of 
the  ColorLink  Plus  was  analyzed  using  the  IFA  755 
Digital  Burst  Autocorrelator  processor.  A  shaft 
encoder  system  was  used  to  track  as  well  as  obtain 
phase  information  of  the  rotor.  Angular  position 
information  of  the  rotor  generated  by  DataLink, 
using  the  shaft  encoder  signal,  is  multiplexed  with 
each  velocity  measurement  and  transferred  to 
computer  in  the  DMA  mode.  The  TSI  Windows 
based  data  analysis  package,  PACE,  was  used  to 
control  the  LDV  system.  The  software  package  also 
collected,  analyzed  data  and  displayed  the  results. 
The  ability  of  the  PACE  data  analysis  package  to 
keep  data  from  each  revolution(cycle)  separate, 
compute  flow  statistics  over  a  selected  number  of 
revolutions  and  estimate  cycle-to-cycle  variation  was 
used  to  collect  and  analyze  LDV  data  during  the 
transient  operating  conditions  of  the  rotor. 

Phase-averaging  techniques  are  used  to  extract  the 
flow  properties  in  the  case  of  a  periodic  flow.  For  a 
periodic  flow,  the  velocity  u{t)  at  the  measuring 

point  can  be  written  as  the  time  averaged  value  ( u ), 
the  phase-averaged  contribution  (  <  w  >  )  and  the 
fluctuation  contribution  ( u' ). 

u(t )  =  u+  <  u  >  +  u'(t) 


For  steady  state  operation,  the  phase-averaged  mean 

velocity  is  given  by  u  +  <  u  > . 

To  simulate  transient  operating  conditions  such  as 
start-up,  associated  with  a  rotating  machinery,  the 
angular  velocity  of  the  rotor  was  continually  varied. 
Controlled  variation  of  the  rotor  speed  was  achieved 
using  a  programmable  ramp  signal  generator.  This 


Fig.  2  Rotor  and  the  measurement  region 

allows  the  angular  velocity  (rpm)  to  be  varied  based 
on  the  selected  value  of  the  angular  acceleration,  b. 
The  angular  velocity  of  the  rotor,  co,  at  any  time  t 
could  be  written  as 

co  (t)  =  <o0  for  t  <  t0 ; 

co  (t)  =  <o0  +  b  (t-to)  for  t0<t  <tj  ; 

co  (t)  =  C0[  for  t  >  tj 

The  value  of  the  angular  acceleration,  b  was  obtained 
experimentally  by  measuring  the  angular  velocity  of 
the  rotor  shaft  using  a  separate  single  channel  LDV 
system. 

Water  droplets  used  as  seed  particles  were  introduced 
at  the  intake  to  the  rotor.  In  the  experiments  with 
angular  acceleration,  the  rotor  rpm  varied  typically 
from  780  to  2600.  The  angular  acceleration,  b,  was 
selected  to  be  a  constant  in  these  experiments.  The 
shaft  encoder  system  used  with  the  rotor  divides  one 
revolution  (360  degrees)  into  1000  encoder 
positions. 

3.  Experimental  Results 

3. 1  Steady  state  operation 

PIV  Measurements  in  the  cross-sectional  planes 

A  region  of  9  cm  x  9  cm  of  the  flow  field 
downstream  of  the  rotor  exit  plane  was  imaged  using 
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the  PIVCAM  camera  operating  in  the  frame- 
straddling  mode.  The  region  imaged  by  the  camera 
is  shown  in  Figure.  2.  It  can  be  seen  that  the  region 
of  measurement  covered  more  than  25%  of  the  flow 
field  in  the  rotor  exit  plane.  In  this  arrangement,  the 
light  sheet  was  introduced  from  the  top  in  the 
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Fig.  3  Contours  of  velocity  magnitude  z  =  1  cm 
Phase-averaged  statistics 


phase-locked  mode.  Phase-averaged  statistics  were 
obtained  by  capturing  these  images  in  batch-mode 
and  averaging  the  instantaneous  velocity  fields.  PIV 
measurements  were  obtained  at  four  downstream 
locations. 
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Fig.  5  Contours  of  velocity  magnitude  z  =  15  cm 
Phase-averaged  statistics 

Some  of  the  results  from  the  PIV  measurements  are 
given  in  the  Figures  3  to  6.  These  give  the  contours 


vertical  plane  and  the  PIVCAM  camera  was 
positioned  normal  to  it.  Thus,  the  camera  was  placed 
downstream  of  the  exit  plane  of  the  rotor  looking 
into  the  flow. 


In  the  frame-straddling  mode  of  operation,  a  pair  of 
images  is  recorded  as  two  consecutive  frames.  The 
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Fig.  4  Contours  of  velocity  magnitude  z  =  10  cm. 
Phase-averaged  statistics 


instantaneous  velocity  vector  field  is  obtained  from 
the  spatial  cross-correlation  of  the  image  intensity 
fields  in  the  two  frames.  At  each  of  the  down  stream 
locations  1000  image  fields  were  collected  in  the 
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Fig.  6  Velocity  vector  field  z=15cm. 

Phase-averaged  statistics 


of  the  mean  velocity  magnitude,  in  the  x-y  plane, 
obtained  by  phase-averaging.  The  region  shown  in 
the  figures  contain  600  vectors.  Figure  3  shows  the 
velocity  contours  for  the  streamwise  location  closest 
to  the  rotor  exit  plane  (z  =  1  cm).  The  effect  of  the 
presence  of  the  rotor  hub  is  exhibited  by  the  low 
velocity  region.  The  center  of  the  low  velocity 
region  very  nearly  corresponds  to  the  center  of  the 
rotor  hub. 


Downstream  of  the  rotor  exit  plane,  the  interaction  of 
the  different  flow  regions  results  in  a  more  uniform 
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velocity  field.  The  velocity  contours  in  Figures  4 
and  5  show  the  flow  development  and  the  gradual 
reduction  in  size  of  the  low  velocity  region. 
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Fig.  7  Vorticity  contours  at  z  =  15  cm 


Figure  6  shows  the  phase-averaged  vector  field  at 
z=15  cm.  The  flow  pattern  clearly  exhibits  the 
presence  of  the  swirl  component  in  the  x-y  plane. 
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Fig.  8  Phase-averagecTmean  velocity  field  in  a 
streamwise  diametral  plane,  x  =  0 

It  should  be  noted  the  velocity  component  normal  to 
this  (x-y)  plane  is  non-zero  and  is  in  general  more 
than  the  maximum  value  of  the  velocity  in  x-y  plane. 
The  flow  properties  extracted  from  the  instantaneous 
vector  fields  include  vorticity  and  strain  rate.  Figure 
7  shows  the  vorticity  contours  at  z  =15.  The 
instantaneous  velocity  vectors  are  also  superimposed 
on  the  vorticity  contours. 

PIV  Measurements  in  the  longitudinal  planes 

In  order  to  examine  the  nature  of  the  flow  in  the 
streamwise  direction,  the  light  sheet  was  introduced 
from  the  top  illuminating  a  longitudinal  (streamwise) 


plane  in  the  flow. 

The  PIV CAM  camera  was  focused  onto  the  light 
sheet  through  the  window  of  the  diffuser.  Since  the 
thickness  of  the  diffuser  wall  was  small  (0.5  mm), 
the  effect  of  the  wall  curvature  on  the  image  field 
captured  was  neglected. 

Phase-locked  data  capture  and  analysis  provided 
statistical  properties  of  the  flow  field  in  a  plane 
along  the  longitudinal  direction.  Figures  8  and  9 
show  the  phase-averaged  mean  velocity  distribution 
in  the  streamwise  direction.  The  regions  of  high 
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Fig.  9  Phase-averaged  mean  velocity  field  in  a 
streamwise  plane,  x  =  4  cm. 


velocity  near  the  blades  and  the  low  velocity  near  the 
hub  and  the  associated  flow  pattern  can  be  clearly 
seen  from  the  phase-averaged  mean  velocity  field 


Combined  LDV-PIV  measurements 

The  flow  field  at  the  streamwise  location  z  =  12  cm 
was  measured  using  LDV  and  PIV.  These 
measurements  were  carried  out  in  a  cross-sectional 
plane  at  the  streamwise  location.  The  purpose  of 
these  measurements  was  to  examine  some  of  the 
practical  issues  in  using  LDV  and  PIV  measurement 
approaches  in  rotating  machinery  flows. 

As  a  first  step,  the  size  of  the  LDV  measuring 
volume  and  the  PIV  interrogation  region  was  made 
to  be  of  the  same  order  of  magnitude.  To  accomplish 
this,  the  PIV  camera  was  zoomed  in  to  image  a 
smaller  region  in  the  flow  field.  The  nature  of  the 
experimental  set  up  and  access  problems  limited  the 
PIV  image  capture  region  to  be  about  17x17  mm. 

The  limitation  in  lowering  the  interrogation  size  to 
the  desired  value  was  image  density  in  the  captured 
images.  For  these  measurements,  the  seeding  density 
combined  with  the  nature  of  the  flow  field  placed  a 
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lower  limit  on  the  size  of  the  interrogation  region  to 
get  reliable  measurements.  The  resulting 
interrogation  region  size  for  the  PIV  measurements 
was  larger  (two  times)  than  the  measuring  volume 
size  for  the  LDV  system.  Comparison  of  the  phase- 
averaged  LDV  and  phase-averaged  PIV 
measurements  at  selected  locations  in  the  flow  field 
showed  the  velocity  values  to  agree  well  within  the 
experimental  uncertainty. 


the  flow  properties  from  one  interblade  gap  to  the 
next. 

These  variations  caused  by  small  differences  in  the 
blade  geometry  would  be  lost  if  the  ability  to  keep 
the  data  from  different  blade  gaps  to  be  separate  is 
not  provided.  In  other  words,  overlaying  the  data 
from  the  different  data  windows  into  a  single 
window  (window  averaging)  would  smooth  out  the 
flow  variations  in  the  individual  blade  gaps. 


LDV  Measurements  in  the  interblade  region 

Using  the  real-time  displays  of  the  PACE  data 
analysis  package,  the  seeding  distribution  as  well  as 
other  operational  parameters  of  the  LDV  system 
were  optimized  to  obtain  large  and  uniform  number 
of  measurements  for  all  rotor  angular  positions.  As 
the  data  was  being  collected,  real-time  display  of  a 
selected  phase-averaged  statistics  was  also  used  for 
system  optimization.  While  the  data  is  being 
collected,  the  variation  of  the  flow  property  selected 
(e.g.,  mean,  standard  deviation),  across  the  data 
window,  reaches  a  steady  distribution  (for  steady 
state  operation),  indicating  the  collection  of 
adequate  number  of  data  points. 

Sample  results  from  the  measurements  in  the 
interblade  region  of  the  rotor,  under  steady  state 
operating  conditions,  for  mid-span  location  of  the 
LDV  measuring  volume  are  shown  in  Figure  10.  . 
The  phase-averaged  mean  velocity  values  for  axial 
and  circumferential  components  plotted  as  a 


Figure  10  Blade-to-blade  variation  of  flow 
properties  (steady  state) 

function  of  the  azimuthal  angle  show  the  variation  of 


3.2  Transient  operating  conditions 
Constant  acceleration  -  LDV  measurements 

To  study  the  rotor  passage  flow  during  non-steady 
operating  conditions,  the  ability  of  the  PACE 
analysis  package  to  do  cycle-resolved  data 
acquisition  and  analysis  was  utilized.  The  approach 
was  to  obtain  the  flow  statistics  by  averaging  the 
measurements  over  a  selected  number  of  cycles  AN. 
The  value  for  AN  was  arrived  at  by  imposing  the 
condition  that  the  change  in  angular  velocity  over 
AN  cycles  is  less  than  5co  where  8  is  small.  For  the 
case  of  constant  angular  acceleration,  the  value  of 
AN  can  be  shown  to  be  proportional  to  co2.  Selecting 
8  to  be  0.05,  the  resulting  values  of  AN,  angular 
frequency  M  (co  =  2nM)  and  other  parameters  are 
given  in  Table  1 . 


Table  1  Parameters  for  data  analysis 


M 

AN 

Averaged  over 
revolution  numbers 

Legend 

0 

13 

130 

1  to  130 

soo 

const. 

20 

160 

1000  to  1160 

S20 

const. 

30 

360 

2420  to  2800 

S30 

const. 

35 

500 

4170  to  4670 

S35 

const. 

40 

630 

5600  to  6230 

S40 

The  data  collected  during  each  revolution  was  tagged 
and  stored  along  with  the  revolution  number  so  that 
phase-averaging  could  be  done  on  a  cycle-resolved 
basis.  The  PACE  data  analysis  package  has  the 
ability  to  compute  phase-averaged  statistics  over  a 
selected  number  of  revolutions.  In  the  present  study, 
phase-averaged  statistics  are  computed  AN  cycles, 
where  the  value  of  AN  is  given  in  Table  1  for  various 
angular  frequencies  (M). 
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The  rotor  was  run  at  constant  acceleration  and  the 


Rotor  with  constant  acceleration 

Vriodty  magnitude  vs.  Angle 


Fig.  1 1  Velocity  magnitude  as  a  function  of 
azimuthal  angle 

two  components  of  velocity  measured  in  the 
interblade  region  was  collected  and  stored.  Phase- 
averaged  statistics  were  computed  to  get  the  behavior 
of  the  flow  for  the  case  when  the  rotor  acceleration 
was  constant.  Some  of  the  results  from  the  cycle- 
resolved  analysis  are  given  in  Figures  1 1  through  13. 
Figure  1 1  shows  the  variation  of  the  magnitude  of 


Constant  angular  acceleration 
Interblade  measurements 


Fig.  12  Window  -averaged  results; 

Streamwise  velocity  vs  angle 


the  velocity  vector  in  the  streamwise-azimuthal 
plane.  It  can  be  seen  that  the  interblade  velocity 
profiles  vary  from  one  interblade  gap  to  the  next.  As 
was  pointed  out  earlier,  this  was  indicative  of  the 
possible  unsymmmetries  in  the  blade  geometry. 

For  the  case  of  a  rotor  with  constant  acceleration,  the 
value  of  the  number  of  cycles  (AN)  over  which 
phase-averaging  is  proportional  to  co2.  This  results  in 
the  averaging  being  done  over  fewer  number  of 
cycles  at  lower  co.  Since  phase-averaging  is 


performed  over  a  limited  number  of  cycles,  the 
computed  statistics  would  show  large  variance. 

In  order  to  increase  the  number  of  samples  in  the 
averaging  process,  the  window-averaging  approach 
was  used.  This  will  typically  increase  the  number  of 
data  points  by  a  factor  of  5  (the  number  of  interblade 
gaps).  However,  this  approach  would  smooth  out  the 
variations  in  the  flow  properties  from  one  interblade 
gap  to  the  next. 


Constant  angular  acceleration 
Interblade  measurements 
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Fig.  13  Window-averaged  results 

Azimuthal  velocity  vs.  angle 


Some  of  the  results  from  the  window-averaged 
analysis  are  given  in  Figures  12  and  13.  These 
figures  show  the  variation  of  the  azimuthal  and 
streamwise  velocities  in  the  interblade  gap,  as  the 
rotor  rpm  increases. 

In  addition  to  the  LDV  measurements,  PIV 
measurements,  during  the  rotor  acceleration,  were 
performed  at  a  downstream  location  (z  =  12  cm).  As 
before,  the  measurements  were  done  in  a  cross- 
sectional  plane  parallel  to  the  exit  plane.  The  PIV 
data  analysis  package  INSIGHT-NT  time  stamps  the 

Constant  angular  acceleration 


5  10  15 
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Fig.  14  PIV  measurements  at  z  =  12  cm 
(conditions  corresponding  to  S20) 
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captured  PIV  images.  This  information  was  used  to 
compute  the  phase-averaged  statistics. 


Constant  angular  acceleration 


X  mm 


Fig.  15  PIV  Measurements  at  z  =  12 
(conditions  corresponding  to  S40) 

Since  the  maximum  speed  of  the  camera  is  30 
frames/sec,  the  system  captures  one  vector  field  per 
revolution  in  the  current  application.  Hence,  the 
problem  of  having  few  samples  in  the  averaging 
process  is  more  acute  for  these  measurements  when 
computing  statistics  over  the  limited  number  of 
cycles  AN  (see  Table  1).  Some  the  phase  averaged 
results  (magnitude  of  mean  velocity)  are  shown  in 
Figures  14  and  15. 

These  figures  generally  show  a  larger  velocity 
dynamic  range  in  the  region  of  measurement.  This 
seems  to  be  indicative  of  the  higher  speed  flow  near 
the  rotor  blades  as  the  rotor  speed  is  increasing  and 
the  velocity  in  the  low  speed  region  increasing 
slowly. 

4.  Comments  and  conclusions 
Comparison  of  LDV  data  with  PIV  measurements  at 
selected  locations  indicated  the  results  to  be  within 
the  experimental  uncertainty.  For  comparison 
purposes,  the  parameters  (e.g.,  number  of  data  points 
collected,  size  of  the  measuring  region)  for  LDV  and 
PIV  approaches  were  chosen  to  be  of  the  same  order 
of  magnitude.  The  results  point  out  some  of  the 
relative  merits  of  the  two  approaches. 

Because  of  the  experimental  setup  and  access 
limitations,  the  size  of  the  PIV  image  capture  region 
was  approximately  17  x  17  mm.  The  resulting 
interrogation  region  was  larger  than  that  for  the 
LDV  system.  If  the  spatial  measurement  resolution 
for  LDV  and  PIV  were  made  to  be  the  same,  the  PIV 
measurement  region  would  become  approximately 
8x8  mm!  It  can  be  seen  that  the  region  of 


measurement  (using  PIV)  reduces  significantly  in 
size  when  the  spatial  resolution  for  PIV  velocity 
measurements  need  to  be  comparable  to  that  for 
LDV. 

A  possible  approach  to  extend  the  resolution  of  the 
PIV  would  be  to  have  a  second  analysis  to  extract  the 
more  velocity  vectors  within  the  interrogation  region. 
This  is  generally  referred  to  as  super-resolution  PIV 
[Keane,  1995].  This  would  retain  the  ability  to 
examine  a  reasonably  large  area  within  the  flow 
while  pursuing  the  ability  to  obtain  high  spatial 
resolution. 

The  high  resolution  cameras  used  in  the  present 
experiment  can  take  up  to  30  frames/sec.  For  the 
present  measurements  this  translates  to  measuring 
one  vector  field  for  about  one  per  every  revolution 
(or  less).  Hence,  the  phase-locked  data  can  be 
collected  for  only  one  rotor  position.  In 
comparison,  LDV  is  able  to  collect  data  over  the 
entire  duration  of  a  revolution  providing  the  ability 
to  obtain  velocity  measurements  for  different  rotor 
positions  within  a  single  revolution. 

Based  on  these  and  the  current  state  of  the  PIV 
technology,  detailed  diagnostics  and  obtaining  flow 
statistics  may  make  LDV  attractive  for  rotating 
machinery  applications  especially  for  studying  the 
interblade  gap  flows.  This  is  more  apt  when  one  is 
examining  aspects  such  as  blade-to-blade  variation 
or  cycle-resolved  statistics.  The  ability  to  obtain 
information  about  the  overall  nature  of  the  flow  in  a 
region  of  interest,  still  makes  PIV  more  attractive 
than  any  other  technique.  For  example,  the  relative 
interdependence  of  various  regions  in  the  flow  can 
be  easily  and  quickly  perceived  from  the  PIV 
measurements.  With  the  availability  of  faster  and 
higher  resolution  camera  technology  in  the  future, 
PIV  will  become  a  stronger  diagnostic  tool  for 
rotating  machinery  measurements. 
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ABSTRACT 

The  performances  of  a  centrifugal  pump  equipped 
with  a  vaned  diffuser  can  be  affected  by  the  rotor  and 
the  diffuser  interaction.  Moreover,  owing  to  the 
distortion  of  the  flow  conditions  at  the  interface,  the 
internal  flow  of  the  impeller  can  be  altered  which 
results  in  extra  flow  unsteadiness  and  instabilities  and 
thus  to  further  reduction  of  machine  efficiency.  The 
improvement  of  machine  performances  can  only  be 
achieved  if  there  is  a  progress  in  the  comprehension 
of  the  nature  of  the  complex  flow  that  develops  at  the 
gap  between  the  rotor  and  the  diffuser.  This  paper 
reports  the  results  of  LDA  investigation  of  the 
internal  flow  of  a  backswept  centrifugal  pump 
impeller.  Data  obtained  at  two  sections  relative  to  the 
diffuser  vanes  showed  a  limited  extension  of  the 
impeller-diffuser  interaction  on  the  impeller  internal 
flow. 

1.  INTRODUCTION 

Several  studies  have  been  concerned  with  the 
interaction  of  the  impeller  and  its  surrounding.  Lorett 
(1986),  Miner  (1989),  Dong  (1992)  and  Liu  (1994) 
studied  the  action  of  the  volute  on  the  impeller  flow, 
while  Inoue  (1984),  Sideris  (1987)  and  Arndt  (1989, 
1991)  have  been  concerned  with  the  action  of  the 
diffuser.  For  internal  flow  studies,  a  large  number  of 
the  experimental  investigations  that  revealed  the 
presence  of  a  jet- wake  structure  at  the  discharge  of 
centrifugal  rotors  was  concerned  with  compressors  or 
pumps  tested  in  air  as  done  by  Eckardt  (1975,  1976), 
Johnston  (1976),  Johnson  (1978),  and  more  recently 
Rohne  (1991)  and  Ubaldi  (1993).  However,  Krain 
(1988)  found  a  velocity  profile  that  differed  widely 
from  the  jet-wake  type  flow.  For  pumps,  not  only 
previous  studies  are  fewer;  but  also  little 
investigations  have  observed  such  flow  structure 
(Howard  1975,  Adler  1979). 


This  paper  presents  the  results  of  LDA 
measurements  obtained  at  three  radial  distances 
upstream  the  trailing  edge  of  a  backswept  centrifugal 
pump  impeller.  Traverses  were  made  for  two 
distances  from  the  leading  edge  of  the  diffuser  vanes. 
The  flow  structure  was  found  to  change  as  it 
approaches  the  impeller  exit.  This  study  revealed  the 
presence  of  a  jet-wake  flow  pattern  that  develops  at 
the  impeller  outlet.  It  was  present  for  both  traverses. 
The  available  data  show  that  the  location  and  the 
extension  of  the  wake  seem  to  be  unaffected  by  the 
proximity  by  the  diffuser  vanes. 

2.  EXPERIMENTAL  FACILITY 

Experiments  were  performed  on  the  centrifugal 
pump  test  facility  of  the  LMF  described  earlier  by 
Bois(1990,  1992).  It  is  a  closed  rig  equipped  for 
overall  performance  characterization  of  the  machine. 
Water  enters  the  impeller  through  a  straight  suction 
pipe  one  meter  in  length. 


Figure  1  Optic  access  for  internal  flow  investigation 
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Table  1  Impeller  characteristics 


impeller  parameter 

description 

R,  =  98.3 

mm 

inlet  blade  radius  at  the  shroud 

R->  =  177.3 

mm 

impeller  exit  radius 

b  =  26.7 

mm 

blade  height 

Z  =  7 

blade  number 

P2  =  22.5 

deg 

blade  angle 

Qn  =  0.0782 

m7s 

design  flowrate 

N  =  1200 

rpm 

rotational  speed 

b  =  0.118 

design  flow  coefficient 

v  =  0.481 

design  head  coefficient 

©  =  0.577 

specific  speed 

Table  2 

Diffuser  characteristics 

diffuser  parameter 

description 

R3  =  182 

mm 

diffuser  inlet  radius 

R„  =  199.3 

mm 

Leading  edge  radius 

Rs  =  199.3 

mm 

diffuser  exit  radius 

b3  =  28.1 

mm 

Diffuser  width 

Z  =  6 

Vane  number 

a-,  =  12 

deg 

Vane  angle 

2.1  Test  Impeller 

The  test  rotor  is  a  low  specific  speed  shrouded 
impeller  having  seven  backswept  blades  with  an  exit 
angle  of  22.5  degrees.  For  LDA  measurements,  the 
shroud  was  made  out  of  plexiglas  (Figure  1)  and  a 
clear  window  was  realized  on  the  casing. 

The  main  geometric  data  of  the  impeller  and  its 
operating  conditions  are  summarized  in  table  1.  The 
rotor  is  driven  by  a  variable  speed  DC  motor  with  a 
maximum  power  input  of  45  kW  at  1500  rpm. 
During  measurements,  a  straight  wall  constant  width 
diffuser  with  six  vanes  was  used.  The  geometry  of 
the  diffuser  is  shown  on  figure  2  and  its  principle 
dimensions  are  given  on  table  2.  The  flow  is 
discharged  in  a  spiral  casing  of  industrial  type. 

2.2  INSTRUMENTATION 

A  5  W  argon-ion  Laser  source  and  a  three  beam 
LDA  system  were  used.  The  optics  consists  of  a  55X 
Dan  tec  modular  optics  with  a  front  lens  of  310  mm 
focal  length  and  was  used  in  a  backscatter  mode.  A 
mirror  placed  in  front  of  the  optics  deflected  the  laser 
beams  so  that  the  measurement  volume  was 
positioned  in  the  impeller  passage  as  shown  on 
figure  1.  A  Bragg  cell  with  a  40  MHz  frequency  shift 
is  used  for  flow  reversal  detection.  The  entire  optical 
system  is  mounted  on  a  mill  bed,  thus  it  could  be 
traversed  in  two  directions  and  the  measuring  volume 


Table  3  Measurement  location  inside  the 
impeller 


Measurement  radial  location 

r/R2 

T\ 

0.808 

D 

0.909 

U 

0.978 

Figure  2  Diffuser  geometry 


set  at  the  desired  radii  and  axial  depths.  Two  counter 
processors  connected  to  a  multiplexer  unit  that 
assures  a  coincidence  test  checking  achieve 
electronic  analysis  of  the  photomultipliers  signals. 
Only  signals  occurring  simultaneously  were 
transmitted  together  with  the  corresponding  reading 
of  the  shaft  encoder  to  a  HP  controller  for  further 
statistical  treatment. 

Velocity  measurements  were  taken  in  three  radial 
locations  inside  the  impeller  channels  just  upstream 
of  the  trailing  edge  and  designated  by  rb  r2  and  r3  in 
table  3.  For  each  radial  position,  measurements  were 
made  at  15  axial  points  between  the  shroud  and  the 
hub.  Rotation  of  the  diffuser  permitted  to  study  the 
influence  of  the  presence  of  its  vanes  at  the  proximity 
of  the  traversing  section.  The  two  configurations  of 
the  diffuser  are  shown  on  figure  3. 


3.  RESULTS  AND  DISCUSSION 

In  this  paper,  the  results  are  presented  for  the 
design  flow  rate  of  0.078  m3/s  at  a  rotational  speed  of 
1200  rpm.  For  each  measuring  point,  2000  values  of 
the  instantaneous  velocities  and  angular  position  are 
recorded.  The  measured  velocities  together  with  the 
peripheral  velocity  allow  the  calculation  of  the 
absolute  and  the  relative  velocity  and  flow  angle. 

Figures  4  and  5  show  the  relative  velocities 
obtained  at  r,  and  r3  with  the  diffuser  in  its  first 
configuration.  The  data  are  presented  as  a  function  of 
the  angular  position.  The  same  velocity  distribution 
repeated  over  several  periods  corresponds  to  the  flow 
in  the  seven  impeller  channels;  it  illustrates  the 
periodic  nature  of  the  relative  flow.  First,  one  should 
notice  the  strong  dependency  of  the  velocity  profiles 
on  the  measuring  location.  At  rj  =  0.818  and  near  the 
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Figure  3  Diffuser  dispositions  relative  to  the  measuring  section 
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Figure  4  Instantaneous  velocity  components  at  and  ri  and  Q„ 


hub  (z/b  =  0.955),  the  flow  structure  is  the  same  as 
expected  for  a  potential  flow  with  high  relative 
velocities  near  the  suction  side.  This  is  not  the  case 
near  the  shroud  wall  where  the  flow  pattern  starts  to 
deviate  from  the  theoretical  model.  This  is 
particularly  observed  near  the  suction  side  where  the 
velocity  gradient  is  inverted.  Both  components  of  the 
velocity  reach  a  maximum  at  the  passage  center, 
beyond  this  point  the  potential  flow  character  is  still 
prevailing.  One  should  also  notice  the  important 
velocity  fluctuations  registered  in  the  proximity  of 
the  suction  side. 

When  the  flow  moves  towards  the  impeller 
discharge  (r3  =  0.978),  the  flow  pattern  is  deeply 
changed.  The  gradient  of  the  tangential  velocity  is 


now  completely  inverted  near  the  shroud  wall 
(figure  5a);  the  velocity  increases  from  the  suction  to 
the  pressure  side  where  uniform  values  are  registered 
over  a  small  area.  At  the  hub  wall  this  component  of 
the  velocity  is  uniform  but  high  fluctuations  are 
observed  (figure  5b).  The  radial  velocity  reaches  a 
minimum  near  the  suction  surface  at  the  shroud  wall, 
this  minimum  moves  towards  the  passage  center  at 
the  proximity  of  the  hub.  The  periodic  character  of 
the  flow  is  altered  which  is  possibly  caused  by 
differences  of  the  impeller  channels. 

For  a  global  view  of  the  flow  structure  at  the 
measuring  sections,  the  data  obtained  for  the  seven 
impeller  passages  is  assemble-averaged  and 
presented  for  a  mean  passage  divided  into  17 
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Figure  5  Instantaneous  velocity  components  at  and  r3  and  Qn 


segments  of  3  deg  angular  width.  For  each  segment  a 
mean  velocity  and  a  rms  coefficient  were  computed. 
The  results  are  presented  as  constant  velocity 
contours  normalized  by  U2  the  impeller  tip  speed.  In 
these  diagrams  the  measuring  points  are  referred  to 
by  the  relative  axial  depth  z/b  with  the  shroud  wall 
lying  at  z/b  =  0  and  the  hub  at  z/b-l.  In  the 
circumferential  direction  the  coordinate  is  y/t,  where 
t  =  2nFZ  is  the  local  passage  pitch  and  Z  is  the  blade 
number.  In  this  notation  y/t  =  0  corresponds  to  the 
suction  side  and  y/t  =  1  corresponds  to  the  pressure 
side. 

Figures  6,  7  and  8  show  an  important  evolution  of 
the  flow  structure  as  approaching  the  trailing  edge.  In 
the  first  measuring  section  (figure  6),  one  can 
recognize  the  potential  flow  character  prevailing  over 
a  large  area  of  the  passage.  The  velocity  has  an 
almost  linearly  distributed  profile  from  the  suction 
side  to  the  pressure  side  and  it  is  uniform  in  the  axial 
direction.  Only  a  small  region  confined  to  the  suction 
side/shroud  wall  comer  shows  a  deviation  from  the 
theoretical  model.  The  main  feature  of  the  flow  in 
this  region  is  an  accumulation  of  low  momentum 
fluid  and  steep  velocity  gradients. 

At  the  next  station  (figure  7),  the  previous 
organization  is  disrupted  and  the  most  striking  fact  is 
the  appearance  of  an  important  velocity  gradient  near 
the  front  wall.  The  region  of  low  energy  fluid  has 
extended  and  moved  towards  the  suction  side  of  the 
blade.  In  fact  the  flow  is  starting  to  be  organized  in  a 
jet- wake  structure  as  it  was  reported  by  other 
investigators,  the  wake  corresponding  to  the  low 
energy  fluid. 

The  wake  is  actually  fed  with  low  momentum 
fluid  brought  there  by  the  secondary  flows  that  peel 


off  the  boundary  layers  of  the  passage  walls  as 
reported  by  Eckardt  (19976). 

The  wake  core  position  is  conditioned  by  the 
competing  centrifugal  forces  acting  on  the  fluid.  As 
suggested  by  Ubaldi  (1993)  and  Johnson  (1983),  this 
trend  can  be  explained  considering  the  secondary 
flow  development  in  terms  of  the  Rossby  number 
R0  =  W/coRn  that  measures  the  relative  effect  of  the 
centrifugal  force  due  to  the  meridional  streamline 
curvature  and  the  Coriolis  force  due  to  system 
rotation.  Rn  is  the  local  radius  of  curvature  of  the 
streamlines. 

At  the  measuring  planes  of  the  tested  impeller  the 
passages  develop  mainly  in  the  radial  direction  as 
their  are  located  far  away  from  the  meridional  bend. 
As  a  consequence,  the  Rossby  number  is  less  than 
unity,  the  rotation  effect  dominates  and  stabilizes  the 
wake  on  the  suction  side  at  z/b=0.4  as  observed  on 
figure  8.  This  flow  region  corresponds  to  a  flow 
separation  as  clearly  indicated  by  the  contour  plot  of 
the  relative  flow  angle  (32  presented  on  figure  9.  The 
low  values  correspond  to  a  maximum  deviation  from 
the  blade  surface.  Meanwhile,  the  flow  direction  of 
the  fluid  in  the  jet  is  more  uniform. 

The  flow  detachment  observed  in  the  wake  has  its 
origin  in  the  suppression  of  turbulence  exchange 
between  the  wake  and  the  jet.  This  is  illustrated  by 
the  deep  velocity  gradient  at  the  shear  layers  between 
both  phases  (figure  8).  As  turbulence  is  stabilized  in 
the  wake,  the  boundary  layers  are  more  subject  to 
separation. 

The  relative  velocities  obtained  with  the  second 
configuration  of  the  diffuser  are  given  on  figure  10. 
The  contours  of  both  components  do  not  reveal  any 
significant  change  of  the  flow  structure  when  the 
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Figure  6  Assemble-averaged  velocities  at  ri 
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Figure  7  Assemble-averaged  velocities  at  r2 
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Figure  8  Assemble-averaged  velocities  at  r3 


diffuser  vane  is  closer  to  the  measuring  plane.  This  is 
not  conform  to  a  previous  study  during  witch  the 
authors  investigated  the  mean  flow  using  a 
directional  probe  at  r/R2=  1.045  (El  Hajem  1996)  and 
found  a  strong  impeller-diffuser  interaction.  The 
actual  study  reveals  therefor  a  limited  extension  of 
this  interaction  to  the  impeller  internal  flow.  But  one 
should  be  careful  as  local  phenomena  might  be 
present  and  only  measurements  covering  the  entire 
impeller-diffuser  interface  will  permit  a  final 
conclusion. 


CONCLUSION 

The  internal  flow  of  a  centrifugal  impeller  was 
investigated  with  an  LDA  technique.  Measurements 
obtained  at  three  stations  show  that  the  flow  structure 
changes  as  the  approaching  the  impeller  discharge. 
The  flow  present  at  the  first  station  is  organized  as  a 
potential  flow  model.  While  in  the  last  station,  a  jet- 
wake  structure  has  developed.  The  measurements 
obtained  at  a  different  distance  from  diffuser  vane 
leading  edge  did  not  reveal  any  important  change  in 
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Figure  9  Relative  flow  angle  at  r3 


the  impeller  internal  flow.  The  study  is  continuing 
and  measurements  at  complementary  distances  from 
the  diffuser  vanes  and  at  different  operating  points 
should  be  able  to  give  a  more  complete  view  of  the 
nature  of  the  flow  at  the  impeller  discharge. 
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ABSTRACT 

Boundary  layers  on  turbomachinery  blades  develop  in 
a  flow  that  is  periodically  perturbed  by  the  wakes  generated 
by  the  upstream  blade  row.  Periodic  variations  of  the  incident 
flow  have  significant  effects  on  the  boundary  layer 
development,  transition  and  separation. 

To  investigate  these  effects  on  centrifugal 
turbomachines,  detailed  laser  Doppler  velocity  measurements 
have  been  performed  within  the  pressure  and  suction  side 
boundary  layers  of  the  diffuser  vane  of  a  low-speed  large 
scale  centrifugal  stage.  Instantaneous  velocity  data  have  been 
acquired  in  phase  with  the  rotor  blade  passage  and  have  been 
processed  in  ensemble  average  form,  in  order  to  separate 
periodic  and  random  velocity  fluctuations. 

Features  of  the  unsteady  processes  within  the 
boundary  layer  are  analysed  using  time-distance  contour  plots 
of  the  ensemble  averaged  velocity  and  turbulence  and 
boundary  layer  profiles  evaluated  at  the  most  significant 
instants  within  a  wake  passage  period. 

1.  INTRODUCTION 

Flow  in  turbomachines  is  unsteady  due  to  rotor-stator 
aerodynamic  interaction.  Among  the  interaction  mechanisms 
of  particular  importance  is  the  unsteadiness  generated  by  the 
wakes  of  the  upstream  blade  row  on  the  flow  in  the 
downstream  cascade.  The  wakes  carried  downstream  make 
the  incident  flow  unsteady  in  both  mean  values  and 
turbulence  levels.  This  unsteady  condition  has  a  great 
influence  on  the  blade  surface  boundary  layer  development 
and  hence  on  the  associated  energy  losses  and  flow  stability. 
Whilst  a  general  model  of  interpretation  of  the  phenomenon 
is  still  not  available,  at  least  for  axial  flow  turbomachines 
knowledge  of  the  unsteady  blade  boundary  layer  behaviour 
has  been  formed  thanks  to  the  intense  experimental  research 
carried  out  whether  on  large  scale  models  (e.g.  Addison  and 
Hodson,  1990)  or  cascades  (e.g.  Cumpsty  et  al.,  1995  )  and 
isolated  airfoils  (e.g.  Liu  and  Rodi,  1991). 

Experiments  on  rotor-stator  aerodynamic  interaction 
in  centrifugal  turbomachines  are  less  frequent  (e.g.  Inoue  and 


Cumpsty,  1984)  and  experimental  data  concerning  the 
boundary  layer  development  on  radial  diffuser  vanes 
perturbed  by  the  rotor  wakes  are  not  available  at  all  in 
literature.  Whilst  the  general  principles  of  the  interaction 
mechanisms  are  common  for  both  geometries,  large 
differences  between  the  two  cases  are  expected  in  practice 
because  of  the  lower  spacing  between  the  interacting  rows 
and  the  much  stronger  mixing  out  of  the  wakes  observed  in 
centrifugal  machines  (Dean  and  Senoo,  1960).  Therefore  the 
findings  coming  out  for  axial  machines  need  to  be  verified 
before  they  could  be  applied  to  centrifugal  machines. 

The  present  paper  reports  results  of  an  experimental 
investigation  into  the  effects  of  the  rotor  wake  generated 
unsteadiness  on  the  profile  boundary  layer  developing  on  the 
diffuser  vanes  of  a  centrifugal  stage. 


2.  EXPERIMENTAL  DETAILS 

2.1  Centrifugal  Stage 

The  experiment  has  been  carried  out  on  a  low-speed 
large-scale  centrifugal  stage  operating  in  air  in  an  open 
circuit.  The  facility  has  been  described  in  detail  by  Ubaldi  et 
al.  (1996). 

Relevant  geometrical  data  of  the  stage  and  operating 
conditions  are  summarised  in  Table  1.  The  unshrouded 
impeller  of  diameter  420  mm  has  7  single  curvature 
backswept  blades.  The  radial  diffuser  has  12  circular  arc 
blades.  Coordinates  of  impeller  blade  and  diffuser  vane 
profiles  are  given  by  Ubaldi  et  al.  (1996).  The  blade  height  is 
constant  and  equal  to  40  mm  for  both  rotor  and  stator.  The 
radial  spacing  of  6  per  cent  between  impeller  outlet  and 
diffuser  inlet  is  typical  of  modern  centrifugal  stages. 

2.2  Laser  Doppler  Velocimeter 

Velocity  measurements  into  the  diffuser  vane 
boundary  layer  perturbed  by  the  rotor  blade  wakes  were 
performed  by  means  of  a  two-colour  four  beam  laser  Doppler 
velocimeter.  The  system  consists  of  a  300  mW  Argon-Ion 
laser,  tuned  to  488  (blue)  and  514.5  (green)  wavelengths,  and 
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Table  1 .  Geometric  data  and  operating  conditions 


fiber  transmitting  and  receiving  optics  (Dantec  fiber  flow 
60X),  operating  in  backscatter  on-axis  collection  mode.  The 
front  lens  focal  length  of  1 50  mm  yields  for  a  38  mm  beam 
separation  a  probe  volume  of  47  pm  diameter  and  0.40  mm 
length.  A  Bragg  cell  is  used  to  apply  a  frequency  shift  (40 
MHz)  to  one  of  each  pair  of  beams,  allowing  resolution  of 
directional  ambiguity  and  reduction  of  angle  bias. 

The  optical  access  is  provided  through  a  flat 
removable  borosilicate  glass  window  inserted  in  the  casing  of 
the  model. 

The  probe  volume  was  oriented  with  the  larger 
dimension  along  the  spanwise  direction  in  order  to  have 
better  resolution  in  the  direction  normal  to  the  blade  surface. 
The  probe  was  traversed  using  a  computer  controlled  three- 
axis  mechanism.  The  motion  is  transmitted  to  the  carriages  by 
stepping  motors  through  pre-loaded  ball-screw  assembly  with 
a  minimum  translation  step  of  8  pm.  The  origin  for  the 
velocity  profile  was  estimated  by  visual  inspection  of  the 
intersection  of  the  laser  beams  approaching  the  blade  surface 
and  by  survey  of  the  analogue  signal  of  the  photomultiplier 
on  a  digital  oscilloscope.  Repeatability  in  establishing  the 
origin  was  estimated  to  be  ±0.03  mm. 

The  flow  was  seeded  with  a  0.5-2  pm  atomised  spray 
of  mineral  oil  injected  in  the  flow  at  the  suction  pipe  inlet  of 
the  model. 

2.3  Measuring  Procedure 

Boundary  layers  have  been  investigated  on  the 
forward  part  of  suction  and  pressure  sides  of  the  diffuser 
vanes  by  means  of  23  measuring  traverses  normal  to  the 
blade  surface,  located  from  the  leading  edge  up  to  a  distance 
of  80  mm  measured  along  the  blade.  Each  boundary  layer 
traverse  is  made  of  24  points  with  a  distance  between  two 
adjacent  points  of  0.05  mm  in  the  region  closer  to  the  wall. 

An  one  per  revolution  signal  obtained  from  the  rotor 
shaft  by  means  of  an  optical  encoder  was  used  to  trigger  the 
processors  in  order  to  assign  to  each  instantaneous  velocity 
datum  the  proper  time  instant  within  a  rotor  period. 

At  each  survey  point  approximately  200000  data  for 
each  velocity  component  were  acquired  and  ensemble 


Impeller 

inlet  blade  diameter 

A 

= 

240  mm 

outlet  diameter 

D1 

= 

420  mm 

blade  span 

b 

= 

40  mm 

number  of  blades 

7  . 

= 

7 

inlet  blade  angle 

Pi 

= 

-65  deg 

outlet  blade  angle 

Pi 

= 

-70  deg 

Diffuser 

inlet  vane  diameter 

D3 

= 

444  mm 

outlet  vane  diameter 

d4 

= 

664  mm 

vane  span 

b 

= 

40  mm 

number  of  vanes 

Zll 

= 

12 

inlet  vane  angle 

a3 

= 

-74  deg 

outlet  vane  angle 

a4 

= 

-68  deg 

Operating  conditions 

rotational  speed 

n 

- 

2000  rpm 

flow  rate  coefficient 

<P 

= 

0.048 

total  pressure  coefficient 

V 

= 

0.65 

averaged  to  separate  the  periodic  component  of  the  signal  at 
the  impeller  frequency  from  the  random  component  due  to 
turbulence  and  flow  fluctuations  not  correlated  with  this 
frequency. 

The  decomposition  of  the  signal  has  been 
accomplished  by  dividing  each  period  between  two  triggering 
signals  in  time  windows  or  bins  to  be  filled  with  the 
appropriate  data.  In  this  way  the  arrival  time  for  each  LDV 
velocity  realisation  has  been  associated  with  a  particular 
phase  of  the  blade  wake  cycle.  For  a  wake  passing  period  of 
4.29  ms  (the  impeller  revolution  period  is  30  ms)  50  phase 
bins  imply  a  bin  width  of  86  ps  and  a  mean  number  of 
samples  for  each  bin  of  571. 

The  following  equations  define  the  ensemble 
averaged  velocity  and  the  ensemble  averaged  rms  of  the 
fluctuations  not  correlated  with  the  rotor  passage. 
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where  c(j,  n)  is  the  instantaneous  velocity  measured  during 
the  phase  window  j,  at  the  cycle  n.  N  is  the  total  number  of 
velocity  data  stored  in  the  phase  window;'. 

3.  EXPERIMENTAL  RESULTS 

3.1  Overall  Flow 

At  the  nominal  point  cp  =  0.048,  y/  =  0.65,  n  =  2000 
rpm,  the  Reynolds  number  ReL  based  on  the  diffuser  inlet 
velocity  and  blade  chord  is  4  x  1 05,  which  is  in  the  range  of 
turbine  and  compressor  cascade  tests  with  incident  wakes  (e. 
g.  Schobeiri  et  al.,  1995,  Cumpsty  et  al.,  1995). 

A  detailed  analysis  of  the  flow  at  the  impeller  outlet 
and  in  the  vaned  diffuser  has  been  recently  reported  by 
Ubaldi  et  al.  (1997).  From  those  results  the  following 
description  of  the  overall  flow  can  be  drawn. 

The  flow  at  the  impeller  outlet  is  periodic  with  clearly 
discernible  blade  wakes  characterised  by  relative  velocity 
defect  and  large  turbulence  level.  Due  to  the  moderate 
impeller  blade  loading,  the  impeller  blade  boundary  layer  is 
not  separated  and  a  jet  and  wake  flow  has  not  been  formed. 
On  the  pressure  side  a  region  of  high  relative  velocity 
precedes  the  wake  velocity  defect.  Due  to  the  geometry  of  the 
stage,  the  deficit  in  relative  velocity  of  the  wake  is  seen  by  the 
absolute  observer  as  an  increase  of  the  circumferential 
absolute  velocity  and  absolute  flow  angle.  Similarly  the 
relative  velocity  rise  which  precedes  the  wake  tends  to 
decrease  the  absolute  flow  angle. 

The  absolute  flow  angle  distribution  at  the  diffuser 
inlet  is  shown  in  Fig.  1.  The  rotor  passing  blades  induce 
negative  incidence  on  the  preceding  diffuser  vanes  (vane  A) 
and  positive  incidence  on  the  vanes  which  follow  the  impeller 
blades  (vane  B).  That  imposes  at  the  diffuser  vane  inlet  cyclic 
incidence  conditions  with  angular  excursions  of  more  than  15 
deg,  capable  of  inducing  boundary  layer  dynamic  separations 
which  alternate  on  the  two  sides  of  the  vane. 

3.2  Boundary  Layer  Development 

Figures  2,  3  and  4  show  for  both  pressure  and  suction 
sides  the  time-varying  distributions  of  the  ensemble  averaged 
mean  and  turbulent  velocities  obtained  at  different  distances 
from  the  blade  surfaces.  In  these  plots  characteristic  instants 
within  a  wake  cycle  period  can  be  identified. 

Line  W  passing  through  the  maximum  of  the  turbulent 
velocity  at  the  boundary  layer  edge  identifies  the  wake 
position.  The  wake  passage  is  always  characterised  also  by  an 
increase  of  the  external  mean  velocity. 

Line  S  passing  through  the  minimum  of  the  velocity 
near  the  wall  is  indicative  of  the  state  of  separation  of  the 
boundary  layer  during  the  cycle.  This  condition  is  always 
accompanied  by  a  steep  rise  of  the  turbulence  level  in  the 
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Fig.  2  Ensemble  averaged  velocity  and  turbulence  time  traces 
from  the  pressure  side  of  the  diffuser  vane. 
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Fig.  3  Ensemble  averaged  velocity  and  turbulence  time  traces 
from  the  pressure  side  of  the  diffuser  vane. 

boundary  layer  region  above  the  separated  zone  and  by  an 
increase  in  the  external  velocity  due  to  the  flow  blockage 
effect  near  the  surface. 

A  third  line  C  is  drawn  passing  through  the  minimum 
in  the  external  velocity  distribution.  This  position 
corresponds  to  “calm”  conditions  characterised  by  the  lowest 
rms  values  all  through  the  boundary  layer  and  in  the  free- 
stream  and  by  high  velocities  near  the  wall. 

Using  the  cycle-resolved  mean  and  rms  velocity 
distributions,  boundary  layer  profiles  for  the  time  instants  W, 
S,  and  C  can  be  determined  and  plotted  in  sequence  to  show 
the  development  along  the  blade  surfaces  of  the  time- 
dependent  boundary  layers  (Figs.  5  and  6  ).  Plots  of  the 
velocity  profiles  in  inner  variables  u+,  y  help  to  interpret  the 
boundary  layer  state  at  the  different  streamwise  locations 
(Figs.  7  and  8). 
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Fig.  4  Ensemble  averaged  velocity  and  turbulence  time  traces 
from  the  suction  side  of  the  diffuser  vane. 
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Fig.  5  Ensemble  averaged  velocity  and  turbulence  profiles  at  different  instants,  pressure  side. 


Pressure  side.  On  the  pressure  side  (convex  surface  of 
the  diffuser  vane),  at  the  beginning  the  boundary  layer  is  very 
thin  and  laminar  (Figs.  2  and  5,  s  =  2  mm,).  However  the 
wake  turbulence  penetrates  within  the  boundary  layer,  as 
shown  by  the  presence  of  a  peak  of  turbulence  at  y  =  0.15  mm 
in  phase  with  the  wake  passage  W.  A  second  peak  of 
turbulence  rises  within  the  boundary  layer  in  correspondence 
of  the  dip  of  velocity  S,  associated  with  the  boundary  layer 
separation  occurring  at  the  following  stations  (Fig.2). 

At  i  =  4  mm  line  S  on  the  pressure  side  (Fig.  2,  5) 
identifies  the  instant  of  more  intense  flow  separation  induced 
by  the  flow  negative  incidence  preceding  the  wake  passage. 
At  this  condition  a  dramatic  increase  of  the  rms  velocity 
appears  in  the  shear  layer  at  y  =  0.60  mm.  The  wake  passage 
W,  which  follows  the  S  condition  of  about  one  half  of  the 
cycle  period  and  induces  positive  flow  incidence,  tends  to 
remove  the  separation.  The  calm  condition  C  standing 
immediately  after  the  wake  passage  W,  presents  relatively 
high  velocity  near  the  surface  and  the  less  severe  flow 
separation  within  the  cycle. 

At  s  =  5.5  mm  (Figs.  2,  5)  the  boundary  layer  is  still 
separated  at  the  instant  5,  but  the  separation  has  been 
suppressed  at  the  instants  W  and  C  (Fig.  5). 

At  s  =  7  mm  (Fig.  3,  5)  reattachment  has  been 
completed  for  all  time  instants  and  also  the  turbulence  peak 
formed  in  the  free  shear  layer  at  the  preceding  stations  has 
here  approached  the  wall.  Due  to  the  very  high  unresolved 
unsteadiness  in  the  separated  shear  layer,  the  length  of  the 
periodic  separation  bubble  is  short.  Even  if  the  worst 


condition  S  is  considered,  the  length  does  not  reach  twice  the 
leading  edge  thickness.  The  effect  of  the  turbulence  level  on 
leading  edge  separated  bubbles  has  been  investigated  by 
Walraevens  and  Cumpsty  (1993).  Their  results  show  that  the 
leading  edge  separated  bubbles  formed  on  airfoils  in  steady 
flow  with  low  turbulence  level  are  larger  even  at  moderate 
incidence  conditions.  One  important  conclusion  coming  out 
from  their  experiment  is  the  important  effect  of  the  free- 
stream  turbulence:  an  increase  of  turbulence  shortens  or 
eliminates  the  separation  bubble. 

Velocity  profiles  of  the  reattached  flow  (5  =  7  mm. 
Fig.  7)  show  that  the  linear  sublayer  has  been  redeveloped  at 
this  station,  while  at  larger  values  of  y*  the  velocity  profiles 
cannot  follow  the  logarithmic  law  because  of  the  exceedingly 
high  values  of  the  ratio  ur  /  ue .  Large  values  of  uz  /  ur  and 
turbulent  shear  stress  found  in  the  present  experiment  are 
justified  by  the  extremely  high  free-stream  turbulence  level 
which  exceeds  the  10  per  cent.  In  practice  a  boundary  layer 
has  been  formed  after  the  reattachment  which  does  not  follow 
the  logarithmic  law  of  turbulent  boundary  layers,  but  is 
capable  to  resist  large  adverse  pressure  gradients,  thank  to  its 
high  turbulence  content. 

At  s  =  50  mm  the  periodicity  induced  by  the  passing 
blades  has  completely  decayed  (Fig.  3),  the  free-stream 
turbulence  and  the  ratio  uz  /  ue  remain  still  very  high  (Fig.  7) 
keeping  the  boundary  layer  far  from  separation. 

Suction  side.  The  analysis  of  the  boundary  layer  on 
the  suction  side  (concave  surface  of  the  diffuser  vane)  follows 
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Pressure  side  s  =  4  mm 


Fig.  9  Time-distance  contour  plots  of  the  ensemble  averaged 
velocity  and  turbulence  in  the  boundary  layer  at  s  =  4  mm, 
pressure  side. 

the  same  guidelines,  though  some  significant  differences 
respect  to  the  pressure  side  need  to  be  considered. 

The  periodic  unsteadiness  induced  by  the  rotor 
passing  blades  persists  on  the  suction  side  for  a  longer 
distance,  since  this  side  of  the  vane  extends  in  the 
semivaneless  region  which  precedes  the  diffuser  inlet  throat. 


A  second  important  difference  is  the  fact  that  here  is 
the  positive  flow  incidence,  which  accompanies  the  wake 
passage,  that  induces  separation.  It  follows  that  the  conditions 
S  and  W  are  now  closer  and  W  precedes  S.  The  calm 
condition  C  which  coincides  with  the  removal  of  the  positive 
incidence  precedes  the  wake  passage  (Fig.  4  ).  This  pattern 
results  in  a  more  differentiate  distribution  in  time  of  the  mean 
and  rms  velocities  at  the  boundary  layer  edge,  with  an 
alternating  of  zones  of  higher  and  lower  velocity  and 
turbulence  levels  (Fig.  4).  At  station  5  =  3  mm  and  5  =  4  mm 
on  the  suction  side  the  profiles  C  (Fig.  6)  do  not  present  any 
zones  of  negative  velocity.  Accordingly  in  Fig.  4  the  point  C 
near  the  wall  (y  =  0.15)  shows  the  highest  velocities  and 
lowest  turbulence  of  the  cycle. 

As  regards  the  separation  S  which  is  induced  by  the 
positive  incidence  associated  with  the  wake  it  seems  that  the 
turbulence,  conveyed  by  the  wake,  entering  into  the  boundary 
layer  plays  a  positive  role. 

At  station  s  =  7  mm  (Fig.  6)  the  mean  flow  is 
reattached  all  over  the  time.  Because  of  the  very  high 
turbulence  level  (which  is  of  the  order  of  20  %  within  the 
boundary  layer  even  at  the  calm  condition)  the  boundary 
layer  velocity  profiles  present  unconventional  shapes  in  u*, 
y*  coordinates  (Fig.  8),  which  are  similar  to  those  observed 
on  the  pressure  side.  On  the  suction  side  the  periodic  effect  is 
more  marked  and  the  profiles  Vk  and  S  originated  by  the 
reattached  shear  layer  differ  considerably  from  that  relative  to 
the  calm  condition  C  which  presents  the  highest  value  of 
ut  /  ue. 

At  s  =  70  mm  (Fig.  6)  the  difference  between  the  two 
states  is  still  evident  but  the  two  velocity  profiles  tend  to 
more  conventional  turbulent  shapes  (Fig.  8). 

Differences  in  the  time-varying  behaviour  of  the 
boundary  layer  on  the  two  sides  of  the  diffuser  vane  can  be 
observed  by  plotting  mean  and  rms  ensemble  averaged 
velocities  in  time-distance  contour  plots.  Figures  9  and  10 
give  an  immediate  impression  of  the  boundary  layer  state  at  s 
-  4  mm  on  pressure  and  suction  side.  Ensemble  averaged 
mean  and  rms  velocities  show  that  the  separated  zones 
alternate  with  phase  opposition  on  the  two  sides  of  the  vane 
and  that  the  separation  is  more  extended  on  the  pressure  than 
on  the  suction  side. 
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The  wake  passage  is  marked  by  vertical  bands  of 
increased  turbulence  and  ensemble  averaged  velocity 
extending  beyond  the  boundary  layer  edge.  Turbulence 
contours  confirm  that  turbulence  associated  to  the  wake 
penetrate  in  depth  into  the  boundary  layer  and  that  the  shear 
layer  formed  above  the  separated  zone  is  highly  turbulent. 

On  the  pressure  side  the  wake  passage  W  follows  of 
about  one  half  of  the  passing  period  the  instant  of  maximum 
separation  S. 

On  the  suction  side  the  wake  passage  precedes  closely 
the  separation  condition  and  its  high  turbulence  content 
attenuates  the  separation.  The  two  instants  are  close  and  give 
rise  to  a  single  vertical  band  of  increased  turbulence  and 
mean  velocity.  On  this  side  the  calm  region  that  follows  is 
clearly  discernible  as  a  vertical  band  of  localised  reduced 
mean  velocity. 


CONCLUSIONS 

Results  of  a  LDV  investigation  of  the  unsteady 
boundary  layer  on  the  diffuser  vane  of  a  centrifugal 
turbomachine  have  been  presented. 

Due  to  the  small  radial  spacing  between  rotor  and 
stator  rows,  the  rotor  blades  imposes  on  the  diffuser  strong 
cyclic  variations  of  the  incident  flow.  Positive  and  negative 
incidence  variations  occur  on  the  diffuser  vane  as  a 
consequence  of  the  alternating  passage  of  blade  wakes  and 
free-stream  flow. 

Periodic  incidence  conditions  cause  boundary  layer 
dynamic  separations  near  the  vane  leading  edge  which 
alternate  with  opposition  of  phase  on  the  two  sides  of  the 
diffuser  vane.  Due  to  the  high  turbulence  energy  conveyed  by 
the  wakes  within  the  diffuser  which  penetrates  into  the 
boundary  layers,  the  periodic  separation  bubbles  remain  very 
short  and  the  separated  shear  layers  reattach  early,  giving  rise 
to  boundary  layers  which  exhibit  high  turbulence  levels  and 
large  skin  friction  coefficients.  Thanks  to  these  characteristics 
the  boundary  layers  are  capable  of  withstanding  the  adverse 
pressure  gradients  imposed  by  the  diffuser. 

On  the  suction  side,  where  the  positive  incidence 
conditions  inducing  separation  and  the  higher  levels  of 
turbulence  conveyed  by  the  wake  are  in  phase,  the  periodic 
separation  bubble  is  less  extended  both  in  space  and  time. 

This  feature  suggests  that  the  diffuser  vane  may  be 
capable  to  sustain  larger  positive  incidences  without  massive 
separations,  thank  to  the  turbulence  energy  supplied  by  the 
wake.  In  other  words  it  seems  that  the  aerodynamic  loading 
on  the  forward  part  of  the  vane  may  be  increased  respect  to 
the  non  interacting  condition  because  the  wake  is  capable  of 
concentrating  turbulence  energy  during  the  phase  of 
incidence  increasing. 


NOMENCLATURE 


p,  total  pressure 

Q  flow  rate 

R2  impeller  outlet  radius 

s  streamwise  coordinate 


Suction  side  s  =  4mm 


t/T„ 


Fig.  10  Time-distance  contour  plots  of  the  ensemble  averaged 
velocity  and  turbulence  in  the  boundary  layer  at  .?  =  4  mm, 
suction  side. 

t  time 

Tk  wake  passing  period 

u  streamwise  velocity  component 

tq  friction  velocity  =  /  p 

u+  non  dimensional  boundary  layer  inner  variable  = 
ul  ux 

U2  peripheral  velocity  at  the  impeller  outlet 
y  distance  from  the  wall 

y*  non  dimensional  boundary  layer  inner  variable  = 
yu  t/v 

a  absolute  flow  angle  with  the  radial  direction 

v  kinematic  viscosity 

p  fluid  density 

r„.  wall  shear  stress 

cp  flow  rate  coefficient  =  Q  /  (U2  x  R22) 

\]/  total  pressure  rise  coefficient  =  2 (p,4  -  /?„,)  /  {pU\) 
Subscripts 

e  at  the  boundary  layer  edge 

0  in  the  suction  pipe 

4  at  the  diffuser  outlet 

Superscripts 

1  unsteady  quantity 
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ensemble  average 
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ABSTRACT 

Progress  in  Computational  Fluid  Mechanics 
makes  it  possible  to  simulate  flow  effects  hitherto  not 
taken  into  account  when  modeling  hydraulic 
machines,  like  unsteady  feedback  between  runner  and 
guide  vanes.  For  the  evaluation  of  the  abilities  and 
limitations  of  such  novel  methods  of  computation 
laser  techniques  are  an  important  tool  to  provide 
experimental  data. 

The  periodically  unsteady  flow  field  in  a  small 
axial  hydraulic  turbine  is  examined  numerically  and 
by  means  of  laser-Doppler  velocimetry  for  three 
different  points  of  operation.  The  results  of  a  two- 
dimensional  unsteady  calculation  carried  out  with  a 
code  based  on  the  Reynolds-averaged  Navier-Stokes 
equations  are  compared  with  measurements  at 
midspan  of  the  turbine  using  a  single  channel  laser- 
Doppler  velocimeter.  Significant  unsteady  periodical 
variations  of  axial  and  circumferential  velocity  are 
determined  in  both  measurement  and  calculation. 

1  INTRODUCTION 

Commonly  used  methods  for  layout  and 
optimization  of  hydraulic  turbines  with  the  aid  of 
numerical  methods  usually  are  based  on  assumed 
steady  state  flow  and  neglect  the  unsteady  interaction 
between  guide  vanes  and  the  runner  of  the  machine  as 
presented  by  Welzel  (1998).  If  the  gap  between  the 
rotating  and  the  stationary  parts  of  the  machine  is 
small,  effects  of  the  flow’s  reciprocal  influence  can 
affect  the  efficiency  and  performance  of  the  turbine. 
Recent  progress  in  Computational  Fluid  Dynamics 
makes  it  possible  to  calculate  the  flow  field  in 
hydraulic  machines  taking  these  dynamic  effects  into 
account.  Laser  techniques  play  an  important  role  in 
verifying  the  results  of  such  numerical  calculations. 


especially  for  evaluation  of  novel  methods  of 
computation. 

At  the  Institute  of  Fluid  Mechanics  and 
Hydraulic  Machinery  of  the  University  of  Stuttgart 
the  code  FENFLOSS  for  numerical  flow  calculation 
based  on  the  Navier-Stokes  equations  has  been 
developed.  This  program  has  been  extended  to  time- 
dependent  and  coupled  calculation  of  the  flow  in  the 
guide  vanes  and  the  rotating  runner  of  hydraulic 
turbomachines. 

A  small  axial  turbine  for  energy  recuperation 
in  piping  systems  is  used  to  compare  measured  and 
calculated  flow  velocities  in  guide  vanes  and  runner. 
Results  of  a  two-dimensional  instationary  calculation 
carried  out  with  FENFLOSS  are  compared  with 
velocities  measured  using  a  single  channel  laser- 
Doppler  Velocimeter. 

The  turbine  consists  of  a  ring  of  12  guide 
vanes  of  50  mm  axial  length  and  a  height  of  20  mm 


Figure  1 .  Guide  vanes  (left)  and  runner  of  the  axial 
turbine  with  the  plane  of  measurement 
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and  a  runner  with  15  blades  of  the  same  dimensions. 
The  diameter  of  the  hub  is  140  mm  and  the  outer 
diameter  of  the  runner  is  180  mm.  The  axial  gap 
between  guide  vanes  and  runner  is  6  mm,  so 
considerable  interaction  between  the  two  parts  has  to 
be  expected.  The  shape  of  the  runner  is  unusual  for  a 
hydraulic  turbine,  so  the  assumptions  for  the  initial 
design  should  be  verified  before  an  optimization  of 
the  profile.  Figure  1  depicts  the  hydraulic  profile  of 
the  investigated  geometry  and  the  plane  for  the 
measurements.  Welzel  (1994)  gives  a  detailed 
description  of  the  studied  turbine. 

2  THE  NUMERICAL  METHOD 

For  hydraulic  turbomachines  one  can  assume  a 
three-dimensional  unsteady  viscous  incompressible 
flow.  Since  the  Reynolds  number  is  usually  rather 
high  (Re>105)  a  fully  turbulent  flow  is  supposed.  At 
the  University  of  Stuttgart,  Germany  Ruprecht  (1989) 
developed  the  finite-element  code  FENFLOSS,  which 
has  been  used  for  the  calculations  presented  in  this 
paper.  FENFLOSS  is  based  on  the  Reynolds- 
averaged  Navier-Stokes  equations.  The  turbulence  of 
the  flow  is  taken  into  account  using  the  k-e  model. 
Bauer  et  al  (1998)  introduced  an  algorithm  which 


Figure  2:  Computational  grid  of  guide  vanes  (left) 
and  runner  with  interface  region 


allows  the  calculation  of  several  non-matching  grids 
in  parallel.  The  flow  quantities  of  the  nodes  in  the 
interface  region  are  exchanged  downstream  and 
upstream  during  each  global  iteration.  This  method  is 
applied  to  simulate  the  unsteady  flow  caused  by  the 
rotor-stator  interaction.  The  unsteady  simulation  has 
been  carried  out  with  360  time  steps,  each 
corresponding  to  a  rotational  movement  of  the  runner 
of  one  degree.  For  each  time  step  the  grid  of  the 
runner  is  moved  numerically  according  to  the 
rotational  speed  for  the  given  point  of  operation  and 
the  flow  quantities  of  the  adjoining  nodes  of  both 
grids  are  then  exchanged. 

The  flow  far  from  the  end  walls  (hub  or 
casing)  in  an  axial  turbomachine  may  be  considered 
two  dimensional,  or  nearly  so.  Calculations  have  been 
carried  out  for  a  plane  at  midspan  of  the  turbine. 
Figure  2  shows  the  grid  for  the  computation.  To 
match  the  periodic  nature  of  the  machine  four 
channels  of  the  guide  vane  ring  and  five  channels  of 
the  runner  are  simulated.  The  grid  for  the  guide  vanes 
consists  of  17950  nodes,  the  grid  for  the  runner  of 
27770  nodes.  Measured  values  of  velocity  for 
midspan  were  applied  as  boundary  condition  at  the 
inflow  of  the  guide  vanes.  At  the  upper  and  lower 
boundaries  a  periodic  boundary  condition  was 
applied,  thus  simulating  two  infinite  linear  cascades 
with  relative  movement  to  each  other.  At  the  outflow 
constant  and  uniform  pressure  is  assumed. 

3  EXPERIMENTAL  SETUP 

The  turbine  is  installed  in  the  closed  test 
circuit  at  the  IHS.  Two  pumps  (each  with  /7max=50  m, 
<2max=0.25  m3/s)  deliver  the  necessary  head  for  the 
operation  of  the  test  turbine  and  two  tanks  on  the 
pressure  and  the  suction  side  provide  for  stable 
operating  pressure.  The  values  for  flow  rate,  head  and 
speed,  which  were  applied  during  the  tests,  are 
realistic  for  a  practical  application  of  the  turbine. 

Measurements  and  calculations  have  been 
carried  out  for  three  different  points  of  operation  as 
described  in  Table  1. 


Table  1 :  Examined  points  of  operation 


Rotational 

speed/min'1 

Head/ 

m 

Discharge 

m3/s 

Efficiency  of 
turbine/% 

1386  (Nominal 
point) 

21.28 

0.0846 

75 

573 

21.28 

0.0902 

50 

2107 

21.28 

0.0831 

50 
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Figure  3:  Workshop  drawing  of  the  test  turbine 


For  the  measurements  the  turbine  was  housed 
in  a  cylindrical  casing  made  of  acrylic  glass  as  seen  in 
Figure  3.  For  both  axial  and  circumferential 
components  of  the  velocity  a  grid  with  spacings  of 
5  mm  axially  and  angles  of  5°  circumferentially  was 
recorded  as  shown  in  Figure  4.  Measurements  were 
carried  out  in  a  cylindrical  plane  at  midspan,  diameter 
160  mm,  which  can  be  seen  in  Figure  1. 

The  radial  component  of  the  velocity  was 
measured  using  a  mirror  which  was  mounted 
downstream  100  mm  after  the  runner  outlet  in  the 
draft  tube  (see  Figure  3).  This  component  has  been 
examined  at  significant  locations  in  both  runner  and 
guide  vanes. 

The  measurements  were  carried  out  using  a 
resolver  for  rotating  machinery  and  a  reset  was 
triggered  at  each  revolution  of  the  runner.  For  a  head 
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Figure  4:  Grid  of  the  positions  of  measurements 


Figure  5:  Sketch  of  the  studied  flow  domain  with 
swivel-mounted  LDV  optics 

of  20  m  the  nominal  speed  of  the  turbine  is  1386  min' 
'.  This  equals  43.29  ms  per  revolution.  For  the 
analysis  the  measured  velocities  were  averaged  with  a 
resolution  in  time  of  0.1203  ms  equivalent  to  one 
degree  of  rotation  and  thus  follow  360  values  of 
velocity  per  revolution  of  the  runner,  which 
correspond  to  the  time  steps  of  the  numerical 
calculation.  For  overspeed  and  sub-nominal  speed  the 
resolution  in  time  is  0.0791ms  and  0.2909  ms 
accordingly. 

The  laser  optics  were  mounted  on  a  three  axis 
traversing  table  while  the  light  from  the  laser  was 
transmitted  via  a  monomode  optic  fiber.  To  avoid  the 
tracing  of  the  refracted  beams  through  the  curved 
walls  of  the  housing  the  LDV  optics  are  swivel- 
mounted.  For  each  angular  position  of  measurement 
the  optics  can  be  tilted  such  that  the  optic  axis  is 
perpendicular  to  the  surface  of  the  acrylic  glass.  This 
simplifies  determining  the  position  of  the  measuring 
volume  in  the  flow  domain.  Figure  5  illustrates  this 
setup. 

Processing  of  the  LDV  data  was  carried  out  by 
means  of  a  digital  burst  correlator. 

The  water  was  seeded  with  micro-glass 
bubbles  with  a  mean  diameter  of  30  p.m.  For  each 
position  of  the  measuring  volume  100,000  bursts 
have  been  recorded.  This  corresponds  to  278 
measurements  per  angular  position  of  the  runner.  Due 
to  background  flare  and  reflection  from  the  hub  and 
blades  the  number  of  data  fell  short  of  this  limit  at 
some  positions.  As  an  exception  a  few  points  with 
less  than  30  valid  measurements  have  been  included 
in  the  results.  During  the  measurement  the  data  rate 
varied  between  10  Hz  and  1000  Hz. 
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Figure  6:  Nominal  speed:  Velocity  at  the  inflow  of 

the  guide  vanes  (Note  the  different  scales  for 
Ha  and  mc) 


4  RESULTS 

4. 1  Time  history  of  velocity 

Both  measurement  and  calculation  show 
strong  interference  between  runner  and  guide  vanes. 
The  upstream  influence  of  the  passing  blades  of  the 
runner  cascade  can  be  detected  up  to  the  inflow  of  the 
guide  vanes.  In  Figure  6  time-dependent  velocities 
measured  at  the  inflow  of  the  guide  vanes  (Point 
1070  mm  in  Figure  4)  are  compared  with  the  results 
of  the  numerical  calculation.  Velocity  versus 
rotational  angle  show  variations  according  to  the 
rotational  speed  of  the  runner.  A  fluctuation  of 
±0.03  m/s  around  a  mean  velocity  of  8.62  m/s  for  the 
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Figure  8:  Radial  velocity  at  the  exit  of  the  runner, 

measurement 

axial  velocity  wa  and  of  ±0.02  m/s  around  a  mean 
velocity  of  1.07  m/s  for  the  circumferential 
component  uc  have  been  measured  at  the  nominal 
point  of  operation. 

In  this  case  the  calculation  yields  a  fluctuation 
of  8.66±0.02  m/s  for  the  axial  and  of  0.79±0.018  m/s 
for  the  circumferential  velocity.  The  calculated 
velocities  match  very  well  with  the  measurements  in 
respect  to  the  frequency  and  the  magnitude  of  the 
oscillation. 

Figure  7  shows  calculated  and  measured  time 
slopes  of  the  two  velocity  components  «a  and  uc  at  the 
location  10750  mm  for  the  nominal  point  of 
operation.  Frequency  and  amplitude  of  the  calculated 
oscillation  agree  well  with  the  measurements. 

Although  the  height  of  the  blades  is 
comparatively  small,  even  at  the  nominal  point  of 
operation  a  component  in  radial  direction  can  be 
measured.  At  midspan  at  the  runner  outlet 


m 

Figure  7:  Nominal  speed:  Velocity  at  the  exit  of  the 
guide  vanes  (Note  the  different  scales  for  «a 
and  uc) 
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Figure  9:  Reduced  speed:  Velocity  at  the  inflow  of 
the  guide  vanes  (Note  the  different  scales  for 
wa  and  Uq) 
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Figure  10:  Reduced  speed:  Velocity  at  the  exit  of  the 
guide  vanes  (Note  the  different  scales  for  wa 
and  uc) 
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Figure  12  Overspeed:  Velocity  at  the  exit  of  the  guide 
vanes  (Note  the  different  scales  for  uz  and 

«c) 


(Point  10°/115  mm  in  Figure  4)  a  mean  radial 
velocity  of  1.2  m/s  is  observed.  It  varies  by  ±0.25  m/s 
as  shown  in  Figure  8.  At  this  location  the  mean 
velocity  projected  on  the  plane  at  midspan  is 
9.38  m/s.  If  one  considers  the  radial  component,  the 
absolute  velocity  changes  by  0.74  percent  to 
9.45  m/s.  Taking  this  into  account,  the  use  of  a  two- 
dimensional  numerical  model  for  the  investigation  at 
nominal  operating  conditions  appears  to  be  justified. 

The  comparison  of  the  measured  and 
calculated  velocities  for  the  sub-nominal  point  of 
operation  reveals  some  differences  not  registered  at 
nominal  speed.  Figure  9  shows  Ma  and  uc  at  the  point 
10°/0  mm.  The  time-resolved  velocities  w2  and  uc  at 
the  exit  of  the  guide  vane  ring  (point  10°/55  mm)  are 
compared  in  Figure  10. 

While  for  the  point  of  reference  at  the  inflow 
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Figure  11:  Overspeed:  Velocity  at  the  inflow  of  the 
guide  vanes  (Note  the  different  scales  for  «a 
and  mc) 


of  the  guide  vanes  the  results  are  similar  to  the 
nominal  point,  at  the  exit  of  the  guide  vanes  greater 
differences  in  the  time  history  between  measurement 
and  calculation  are  detected.  The  calculation  does  not 
reflect  the  greater  amplitudes  of  the  oscillation  of 
both  Ma  and  uc  that  are  found  in  the  measurement. 
However,  the  frequency  is  detected  with  reasonable 
accuracy  also  for  this  mode  of  operation. 

For  the  case  with  greater  rotational  speed  the 
time  history  of  the  velocities  at  the  two  points  of 
reference  is  shown  in  Figure  11  and  Figure  12. 
Looking  at  velocity  versus  time  the  basic 
observations  are  the  same  for  both  off-design  modes. 
The  main  phenomena  of  the  time  slope  are  simulated 
well  in  both  cases,  while  there  are  greater 
discrepancies  for  the  absolute  magnitude  of  measured 
and  calculated  quantities.  For  the  operation  at  design 
conditions  the  initial  presumption  of  nearly  two- 
dimensional  flow  at  midspan  is  correct.  For  the 
operation  of  the  turbine  at  off-design,  were  the 
secondary  flow  in  the  runner  is  more  significant,  the 
limitations  of  a  two-dimensional  numerical  model  can 
be  seen.  It  has  to  be  noted  that  this  isn’t  a 
shortcoming  of  the  algorithm  for  the  numerical 
coupling  of  the  two  grids  but  is  particular  to  the  two- 
dimensional  calculation. 
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of  the  runner  at  nominal  speed  at  t= 0  s. 

4.2  Instationary  flow  field  in  the  runner 

Measured  and  calculated  flow  field  in  the 
runner  at  the  nominal  speed  for  the  point  of  time  t=  0  s 
are  compared  in  Figure  13  and  Figure  14.  Shown  are 
the  resultants  of  na  2nd  uc  in  the  relative  frame  of  the 
runner.  In  either  case  the  location  of  the  maximum 
velocity  is  found  on  the  suction  side  at  the  outflow  of 
the  runner.  The  main  features  of  the  non-uniform 
outflow  of  the  guide  vanes  are  present  in  both  results. 

Some  difference  can  be  noted  in  the  angles  of 
flow  at  the  exit  of  the  runner.  The  angle  between  axial 
direction  and  the  flow  is  greater  and  much  more 
uniform  in  the  calculated  flow  field.  It  is  a  known 
feature  of  CFD  codes  utilizing  the  k-e  model  in 
combination  with  logarithmic  wall  functions  for 
turbulence  modeling  to  predict  flow  separation  later 
than  it  occurs  in  reality.  In  the  calculation  the  flow 
follows  the  curvature  of  the  blades  better  than  it  does 
in  real  flow.  It  is  not  possible  to  give  a  general  order 
of  magnitude  for  this  characteristic  but  it  has  to  be 
considered  when  CFD  is  used  as  a  tool  for  the  design 
of  hydraulic  machines. 


Figure  14:  Calculated  flow  field  in  the  relative  frame 
of  the  runner  at  nominal  speed  at  t=  0  s. 


The  effective  angle  of  flow  at  the  exit  of  a 
cascade  differs  from  the  angle  of  the  profile.  For  the 
design  of  hydraulic  profiles  this  is  generally  taken 
into  account  using  empirical  correction  factors.  The 
presented  measurements  allow  the  verification  of  the 
applied  factors  for  the  given  case  and  give  support  for 
an  improved  design  of  the  turbine. 

Figure  15  and  Figure  16  show  the  flow  field  in 
the  runner  for  the  sub-nominal  point  of  operation.  The 
location  and  the  order  of  the  maximum  velocity  agree 
well  for  both  results. 

5  CONCLUSIONS 

The  unsteady  flow  field  at  midspan  of  a  small 
axial  hydraulic  turbine  has  been  investigated 
numerically  and  with  a  single  channel  LDV. 
Measurements  and  calculations  have  been  performed 
for  three  points  of  operation. 

The  measurements  show  a  three-dimensional 
flow  field  with  strong  influence  of  the  runner  on  the 
flow  in  the  guide  vanes.  To  achieve  the  best  possible 
modeling  of  the  flow,  a  numerical  method  has  to  be 
applied  that  includes  the  exchange  of  information 
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Figure  15:  Measured  flow  field  in  the  relative  frame 
of  the  runner  for  reduced  speed  at  r=0  s. 


Figure  16:  Calculated  flow  field  in  the  relative  frame 
of  the  runner  for  reduced  speed  at  t= 0  s. 


between  the  two  flow  domains  as  well  upstream  and 
downstream. 

Numerical  calculations  have  been  carried  out 
using  two-dimensional  grids  of  Finite  Elements,  one 
for  the  fixed  guide  vanes  and  one  for  the  rotor.  By 
coupling  these  two  domains  and  exchanging  values 
for  velocity  and  pressure  at  the  boundaries,  the 
periodic  instationary  interaction  was  taken  into 
account. 

The  comparison  of  measured  and  calculated 
flow  field  shows  the  ability  of  the  numerical  method 
to  simulate  the  main  features  of  the  unsteady  flow 
field  in  both  runner  and  stator.  For  the  off-design 
points  of  operation  with  stronger  secondary  flow 
certain  limitations  with  respect  of  the  quantitative 
accuracy  of  the  two-dimensional  model  are  observed. 

On  the  basis  of  measured  and  calculated 
velocity  fields  further  variations  of  shape  for  the 
blades  can  be  examined  numerically.  The 
interpretation  of  these  findings  will  result  in  an 
improved  design  for  the  turbine  leading  to  higher 
efficiency  and  reduced  cavitation. 
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ABSTRACT 

A  three  component  LDV  system  has  successfully  been 
implemented  within  a  one  stage  high-subsonic  closed 
loop  centrifugal  compressor.  The  crucial  features  en¬ 
abling  close-to-wall  LDV  measurements  in  the  narrow 
width  diffuser  passage  are  described.  Extensive  3D 
measurements  have  been  made  in  the  vaned  diffuser. 
Results  are  shown  for  the  throat  cross  section  and  the 
semi  vaneless  space.  The  measurements  have  been 
made  at  best-point  and  near-surge  at  a  circumferential 
Mach  number  of  Mu  =  0.75.  The  time-averaged  ve¬ 
locity  results  clearly  reveal  the  development  of  a  single 
large  channel  vortex  in  each  channel  and  its  change 
with  flow  rate.  CFD  calculations  performed  in  parallel 
with  the  TASCflow  Navier  Stokes  Code  show  remark¬ 
able  agreement  with  the  experimental  results. 

NOMENCLATURE 

Abbreviations 


CFD 

LDV 

L2F 

PIV 

PTV 

FRAP 

Computational  Fluid  Dynamics 

Laser  Doppler  Velocimetry 

Laser-2-Focus 

Particle  Image  Velocimetry 

Particle  Tracking  Velocimetry 

Fast  Response  Aerodynamic  Probe 

Symbols 
b  [mm] 

axial  diffuser  width  (=16. 8mm) 

C 

H 

non-dimensional  velocity  ( c/u2 ) 

c 

[m/s] 

flow  velocity 

c 

[m/s] 

phase- averaged  velocity 

c 

[m/s] 

time-averaged  velocity 

d2 

[mm] 

impeller  rim  diameter 

Mu 

hi 

impeller  tip  speed  Mach  number 

N 

[-] 

<  U2  \ 

V  y/lRT°  > 

number  of  impeller  revolutions  during  A t 

nk 

[-] 

number  of  LDV  bursts  within  class  k 

nt 

hi 

total  number  of  LDV  bursts  collected 

r 

[mm] 

Radius 

R 

It&] 

specific  gas  constant 

rpO 

l°K) 

stagnation  temperature 

t 

[•) 

time 

At 

[s] 

LDV  data  acquisition  time  at  a  traverse 

U2 

[m/s] 

position 

impeller  rim  speed 

X 

[m] 

pitchwise  coordinate  in  cross  sections 

y 

[m] 

(positive  to  pressure  side) 

axial  coordinate  (positive  to  casing) 

7 

hi 

isentropic  exponent 

P 

[-] 

flow  coefficient  {=  pj%iU2) 

A 

[nm] 

wavelength  of  light 

P 

[kg/m3' 

]  density 

a 

[m/s] 

phase-averaged  fluctuation 

a 

[m/s] 

time-averaged  fluctuation 

© 

[1 

phase-averaging  angular  window 

Subscripts 

I 

i 

k 

at  stage  inlet 

index  of  velocity  doublet 

phase-averaging  class  index 

INTRODUCTION 

Today,  the  polytropic  best-point  efficiency  of  centrifu¬ 
gal  compressors  with  vaned  diffusers  rarely  reaches  lev¬ 
els  beyond  85%.  The  low  efficiency  is  a  result  of  the 
curvilinear  flow  in  the  impeller  channels  causing  sep¬ 
aration  and  the  undesirable  jet/wake  structure  at  im¬ 
peller  exit.  Vaned  diffusers  in  centrifugal  compressors 
advantageously  increase  the  stage  pressure  ratio  but 
unfortunately  decrease  the  stable  operating  range  in 
the  compressor  map.  A  better  understanding  of  the 
3D  unsteady  flow  in  the  impeller  and  the  vaned  dif¬ 
fuser  should  allow  centrifugal  compressors  with  higher 
efficiency,  higher  pressure  ratio  and  broader  operating 
range  to  be  designed. 

At  the  ETH  Turbomachinery  Laboratory  centrifu¬ 
gal  compressor  research  is  currently  performed  with 
two  test  rigs,  a  high  subsonic  centrifugal  compressor 
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with  vaned  diffuser,  called  ’Rigi\  and  its  1:1  scale  wa¬ 
ter  model  counterpart  ‘Kander’.  The  latter  is  spe¬ 
cially  designed  for  the  visualisation  of  large-scale  flow 
phenomena  such  as  the  impeller  inlet  recirculation  or 
rotating  stall  (Gyarmathy  (1996),  File  et  al.  (1997)). 
Furthermore  CFD  calculations  are  performed  with  the 
TASCflow  code  (Casartelli  et  al.  (1997, 1998)).  Of  spe¬ 
cial  interest  for  experiments  and  CFD  calculations  is 
the  flow  field  in  the  diffuser,  because  this  component 
is  mainly  responsible  for  limiting  the  stable  operating 
range  (Hunziker  and  Gyarmathy  (1993)  and  Hunziker 
(1993)). 

Because  of  limited  space  in  the  vaned  diffuser  re¬ 
gion,  probe  measurement  techniques  can  lead  to  severe 
blockage  effects  and  thus  to  biased  measurement  re¬ 
sults.  Early  centrifugal  compressor  studies  published  in 
literature  have  mostly  been  carried  out  with  hot  wire 
anemometers.  Disadvantages  arose  due  to  calibration, 
dirt  and  the  impossibilty  to  distinguish  negative  veloc¬ 
ities.  Thus  recirculation  areas  were  difficult  to  detect. 
Nonintrusive  optical  velocity  measurement  techniques 
are  therefore  sin  interesting  corollary  to  intrusive  mea¬ 
surements  using  hot  wires  or  in-house  developed  Fast 
Response  Aerodynamic  Probes  (FRAP)  at  impeller  exit 
(Roduner  et  al.  (1998)).  An  in-house  feasibility  study 
of  different  pointwise  (L2F  and  LDV)  and  field  tech¬ 
niques  (PIV  and  PTV)  resulted  in  the  selection  of  the 
LDV  method  (Stahlecker  et  al.  (1997)).  Non  intruisive 
field  methods  like  PIV  or  PTV  cannot  be  applied  until 
now  in  this  high-speed  compressor  rig. 

Extensive  LDV  measurements  in  high-speed  cen¬ 
trifugal  compressors  seem  not  to  have  been  reported 
yet.  In  high-speed  applications  mostly  L2F  or  hot  wire 
measurements  were  made.  Pioneering  work  was  done 
by  Eckhardt  (1975)  reporting  about  the  jet/wake  phe¬ 
nomena  measured  with  a  hot  wire  anemometer  at  im¬ 
peller  exit,  later  completed  with  L2F  measurements 
within  an  impeller  (Eckhardt  (1976)).  Whereas  Eck- 
haxdt’s  measurements  have  been  made  in  a  rig  with  a 
vaneless  diffuser,  Krain  (1981)  reports  L2F  measure¬ 
ments  in  a  high  pressure  ratio  vaned  centrifugal  com¬ 
pressor  with  radial  ended  impeller  blades.  The  maun  fo¬ 
cus  of  these  early  endeavours  made  with  the  non  intru¬ 
isive  L2F  method  was  the  mixing-out  process.  Ahmed 
and  Elder  (1990)  report  measurements  made  with  a  mi¬ 
cro  LDV  within  the  impeller.  Runstadler  and  Dolan 
(1975)  report  about  an  optimized  LDV  system  for  mea¬ 
surements  in  a  high  speed  impeller,  but  only  little  data 
is  shown. 

Precise  and  extensive  LDV  measurements  were 
done  in  low  velocity,  large  scale  airflow  models  i.e.  by 
Chriss  et  al.  (1994),  Hathaway  et  ad.  (1992,  1993)  at 
NASA  Lewis  and  by  Fagan  and  Fleeter  (1991).  Mea¬ 
surements  in  low  speed  1:1  scale  centrifugal  compres¬ 
sor  models  operated  with  water  or  air  are  reported 
by  Abramian  and  Howard  (1994a, b)  and  Ubaldi  et  al. 
(1996). 

A  recent  general  review  about  laser  anemometer  ap¬ 
plications  in  turbomachinery  is  provided  by  Strazisax 


(1993). 

Although  LDV  and  L2F  measurements  were  par- 
formed  in  all  kinds  of  turbomachinery  facilities  from 
low-speed  to  high-speed,  LDV  measurements  in  narrow 
width  high-speed  centrifugal  compressors  were  rarely 
performed.  Even  with  today’s  state  of  the  art  LDV  sig¬ 
nal  processors  it  still  remains  a  challenge  to  make  LDV 
measurements  with  reasonable  data  rates  in  high-speed 
compressors  with  small  diffuser  width.  The  crucial  opti¬ 
cal,  mechanical  &  electronic  adaptations  necessary  for 
making  LDV  measurements  in  the  high-subsonic  cen¬ 
trifugal  compressor  are  presented. 

The  objective  of  the  present  study  is  to  get  more 
insight  into  the  development  of  secondary  flow  in  the 
vaned  diffuser  and,  by  comparisons  to  achieve  more 
confidence  in  CFD  based  calculations  of  the  diffuser 
flow.  Extensive  experimental  data  are  necessary  for 
advanced  CFD  code  validation  since  decelerated  dif¬ 
fuser  flows  are  difficult  to  predict  with  the  CFD  codes 
and  their  k-e  models  presently  available.  The  3D  LDV 
velocity  field  measurements  have  been  made  in  the 
semi  vaneless  space  and  in  the  diffuser  throat.  Dif¬ 
fuser  channel  vortices  could  be  measured,  we  believe 
for  the  first  time  in  a  high-speed  centrifugal  compressor. 

TEST  RIG 

The  high-subsonic  centrifugal  compressor  used  during 
the  investigations  has  a  single  stage  with  a  vaned  dif¬ 
fuser  and  is  operated  in  a  closed  loop  with  air  as 
working  fluid  (Fig.  1).  The  unshrouded  impeller  of 
D2  =  280mm  exit  diameter  has  11  full  and  11  splitter 
blades  with  a  backsweep  of  30°  to  the  radial.  The  24 
circular-arc  diffuser  vanes  begin  at  116%  exit  radius, 
their  camberline  stagger  angle  is  set  to  25°  (Fig.  2). 
The  diffuser  has  plane  parallel  side  walls  and  its  width 
is  b  =  16.8mm.  The  compressor  is  driven  by  a  440  kW 
DC  motor.  Since  the  maximum  rotational  speed  is  lim¬ 
ited  by  the  shaft  seal  to  22000  rpm,  the  rig  is  operated 
up  to  a  rim  Mach  number  of  Mu  =  0.9  resulting  in  a 
circumferential  velocity  at  impeller  exit  of  w2  =  311^. 
For  a  more  complete  description  of  the  test  compressor 
refer  also  to  details  in  Hunziker  and  Gyarmathy  (1993). 

During  the  following  investigations  the  test  rig  was 
operated  at  Mu  =  0.75  and  the  measurements  were 
taken  at  best-point  and  near  surge.  At  the  best- 
point  (averaged  zero  incidence  conditions  to  the  25° 
diffuser  vanes)  the  flow  coefficient  was  ip  =  0.0747 
(m  =  1.1kg /s)  and  the  total-to-total  pressure  ratio  was 
1.54.  For  near-surge  the  flow  coefficient  was  p  =  0.0555 
(m  =  1.26kg/s)  and  the  total-to-total  pressure  ratio 
was  1.57. 

LDV  SYSTEM  AND  SETUP 
LDV  System 

The  LDV  system  used  is  commercially  available  from 
TSI  and  comprises  a  3  channel  TSI  autocorrelator- 
based  IFA  755,  a  ColorLink,  two  25  mm  diameter  Laser 
Probes,  an  External  Data  Interface  with  a  Rotating  Ma¬ 
chinery  Encoder  for  tagging  LDV  bursts  with  the  an- 


36.6.2 


gular  impeller  position,  a  three  axis  traversing  system 
with  control  unit,  a  120  MHz  Pentium  PC  and  a  SGI 
Indigo2  Workstation  for  data  acquisition,  reduction  and 
visualisation.  The  light  source  is  a  Coherent  Innova  308 
Arlon  Laser.  The  LDV  unit  is  remotely  placed  and  con¬ 
nected  by  long  (15m)  optical  fibres  to  the  compressor 
rig.  In  Fig.  4  the  compressor  stage  front  view  can  be 
seen  together  with  the  3D  traversing  rails  and  two  LDV 
probes. 

The  focal  length  of  both  LDV  probes  is  140mm  pro¬ 
ducing  a  beam  intersection  diameter  of  about  100  fim 
and  an  intersection  length  of  about  1.8mm.  Due  to  the 
off-axis  straylight  reception  at  an  angle  of  34.5°  the  ef¬ 
fective  axial  flow  resolution  is  improved  from  1.8mm 
to  about  0.5mm.  The  fringe  spacings  are  4.81  pm 
(A  =  514.5ram),  4.56 pm  (A  =  488nm)  and  4.45/rm 
(A  =  476.5nm). 

The  rotating  machinery  encoder  labels  the  validated 
burst  with  the  angular  impeller  position  relative  to  a 
once-per-revolution  TTL-level  signal  from  the  impeller. 
The  encoder  is  phase-locked-loop  based  and  has  an  an¬ 
gular  resolution  of  0.1°.  The  impeller  position  tags  al¬ 
low  time-resolved  analysis  of  the  unsteady  flow  to  be 
made  over  each  rotor  revolution. 

Figure  3  shows  the  whole  3D  LDV  system  setup 
which  permits  semi-automatic  data  aquisition  to  be 
made  and  quasi  "online”  visualisation  of  the  raw  data. 
The  PC  transmits  LDV  measurement  parameters  and 
traversing  coordinates  via  RS232  to  the  LDV  electronic 
devices.  The  raw  data,  transferred  from  the  IFA  755 
via  Direct  Memory  Access  (DMA)  to  the  PC,  is  for¬ 
warded  via  NFS  to  the  Unix  Workstation  where  they 
are  stored.  The  whole  data  processing  takes  place 
on  the  Workstation  with  the  MATLAB  software  en¬ 
vironment.  The  quasi  "online”  raw  data  visualisation 
with  MATLAB  allows  the  plotting  of  time  and  angular 
histograms  only  seconds  after  the  completion  of  a  mea¬ 
surement  permitting  a  first  appreciation  of  the  acquired 
data.  To  enable  the  data  processing  with  MATLAB  a 
special  routine  (mex  function)  was  written  in  C  which 
allows  MATLAB  to  read  the  TSI  binary  raw  data  for¬ 
mat.  In  an  "offline”  part  the  whole  data  reduction  and 
visualisation  is  performed. 

Special  Measures  for  LDV  Enhancement 

In  high-speed  centrifugal  compressors  severe  LDV  mea¬ 
surement  problems  arise  due  to: 

1.  Lack  of  adequate  seeding  concentration  in  some 
parts  of  the  diffuser  flow  channel. 

2.  Low  light  scattering  power  due  to  the  required 
small  particle  size  and  the  impossibility  of  using 
forward  scattering. 

3.  High  flow  speed  and  high  velocity  fluctuations. 

4.  Narrow  channels,  and  the  abundance  of  wall  re¬ 
flections. 

The  following  crucial  adaptations  of  the  test  rig  and  the 
LDV  system  have  been  made  for  enabling  high-quality 


measurements  to  be  performed: 

Absorption  Filter.  Laser  Light  reflections  from 
narrow  walls  cause  straylight  leading  to  increased  LDV 
burst  noise  and  thereby  to  a  reduced  data  rate.  A 
damping  of  the  stray  light  is  necessary,  otherwise  near¬ 
wall  LDV  measurements  axe  not  possible.  With  a  8 
mm  thick,  black,  antireflex-coated,  absorption  filter 
glass  (grey  filter,  Schott  NG  11)  used  at  the  hub  side 
of  the  diffuser  (Fig.  5)  this  straylight  intensity  was 
significantly  reduced.  More  than  87%  of  the  incident 
laser  light  power  is  absorbed  by  the  filter. 

Off-axis  light  reception.  The  scattered  light 
of  the  particles  is  collected  under  an  off-axis  angle  of 
34.5°.  This  combination  of  the  absorption  filter  glass 
and  the  off-axis  scattered-light  reception  arrangement 
gives  the  best  results  with  respect  to  close  to  wall  mea¬ 
surements.  Measurements  up  to  approx.  0.7 mm  wall 
proximity  are  possible,  even  through  a  moist  window 
and  a  moist  absorption  glass.  The  off-axis  arrangement 
also  improves  the  spatial  resolution  of  the  measure¬ 
ments  in  axial  direction  from  about  1.8mm  to  0.5mm. 

Probe  Holders.  Scattered  light  reception  in  off- 
axis  arrangement  and  coincident  2D  or  3D  measure¬ 
ments  are  only  possible  with  accurate  alignment  of  the 
laser  beam  measurement  volumes.  Special  new  probe 
holders  (Fig.  6)  have  been  developed  to  guarantee  a 
precise  probe  adjustment  and  a  long  term  stable  inter¬ 
section  of  the  laser  beams. 

Seeding.  The  use  of  a  particle  generator  (Palas 
AGF  10.0)  for  parafin  oil  with  a  high  production  rate 
(up  to  109l/s)  and  the  closed  loop  compressor  sys¬ 
tem  increases  the  particle  concentration  in  the  piping 
system  and  leads  to  higher  data-rates.  The  mean  di¬ 
ameter  of  the  droplet  distribution  is  near  to  0.4 pm 
and  the  number  fraction  with  diameters  beyond  1  /zm 
is  negligible.  Thus  adequate  flow  following  properties 
of  the  particles  in  the  high  subsonic  flow  are  guaran¬ 
teed.  Agglomeration  effects  are  negligible,  but  some  oil 
accumulation  in  the  circuit  cooler  has  been  experienced. 

Despite  of  the  important  improvements  obtained 
genuine  3D  coincident  LDV  measurements  were  still 
not  practicable  because  of  low  coincident  data  rates 
(less  than  70Hz)  and  the  resulting  long  measurement 
times.  The  problem  has  been  circumvented  by  a  se¬ 
quential  2D  +  2D  procedure  described  below.  More 
details  of  the  mentioned  measures  are  also  discussed  in 
Stahlecker  et  al.  (1997). 

NUMERICAL  PROCEDURE  AND  GEOMETRY 

Steady  3D  flow  field  computations  have  been  performed 
with  a  commercial  Navier-Stokes  code,  TASCflow, 
V2.4,  ASC  Ltd.  (1995).  Reynolds-Stress  averaging 
is  applied  to  the  governing  equations  in  strong  con¬ 
servation  form  for  the  turbulent  flow.  A  standard 
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k  —  e  model  is  used.  A  const  an  5%  turbulence  inten¬ 
sity  was  assumed  at  diffuser  inlet.  The  discretisation 
procedure  is  based  on  a  Finite- Volume  method.  The 
computational  grid  is  a  block  structured  H-type  mesh 
with  102138  active  nodes  (see  Fig.  7).  The  periodic 
boundary  condition  is  surface  based,  i.e.  the  number 
of  nodes  and  their  distribution  on  periodic  surfaces 
can  vary.  The  diffuser  blade  has  been  placed  in  the 
middle  of  the  computational  domain  to  improve  the 
cell  shapes  at  the  leading  edge.  The  blade  region  is  a 
block-off  domain  in  the  grid.  The  flow  coefficient  for 
the  best-point  calculation  is  tpcFD  =  0.0767,  slightly 
higher  than  the  corresponding  flow  coeffcient  of  the 
measurements  (ipLDA  =  0.0747).  The  near  surge  cal¬ 
culation  has  been  performed  at  the  identical  flow  rate 
ipLDA  =  I fCFD  =  0.0555.  More  details  about  per¬ 
formed  CFD  calculations  for  this  centrifugal  compres¬ 
sor  can  be  found  in  Casartelli  et  al.  (1997). 


During  the  LDV  data  acquisiton  each  validated  coinci¬ 
dent  burst  pair  was  tagged  with  the  angular  impeller 
position  for  later  time-resolved  data  analysis.  One  im¬ 
peller  revolution  is  subdivided  into  3600  bins,  result¬ 
ing  in  a  peripheral  resolution  of  0.1°.  After  the  nec¬ 
essary  coordinate  transformation  of  each  of  the  nt  raw 
coincident  velocity  doublets  collected  an  impeller  twin- 
channel  based  phase-averaging  procedure  is  performed 
with  a  constant  angular  window  width  of  ©  =  1°.  This 
1°  step  is  used  only  for  the  calculation  of  time  resolved, 
over-the-pitch  velocity  data  and  is  a  good  compromise 
between  channel  resolution  and  statistical  uncertainty. 
In  contrast  to  hot  wire  anemometry  or  FRAP  probes 
the  average  LDV  data  rate  is  low.  To  achieve  an  ad¬ 
equate  sample  size  for  statistical  reasons,  data  overlay 
and  phase  averaging  is  a  common  procedure. 

This  phase- aver  aging  process  comprises  three  steps 
as  seen  in  Fig.10: 


MEASUREMENTS 

The  3D  field  measurements  for  the  two  operating  points 
(best-point  and  near  surge)  at  a  rim  Mach  Number  of 
Mu=0.75  have  been  made  in  the  throat  cross  section 
and  in  the  semi  vaneless  space  of  the  vaned  diffuser  (Fig. 
8).  In  the  throat  cross  section  LDV  data  were  taken  at 
approx.  240  measurement  locations.  The  measurement 
grid  consists  of  17  locations  from  hub  to  casing  and 
14  in  the  pitchwise  direction  from  the  pressure  side  to 
the  suction  side  (Fig.  9).  In  the  semi  vaneless  space 
cross  sectional  measurements  were  taken  at  a  compara¬ 
ble  amount  of  positions. 

Because  of  the  already  mentioned  low  data  rates 
genuine  coincident  3D  LDV  velocity  measurements 
have  not  been  possible.  Instead,  the  3D  velocity  infor¬ 
mation  was  set  together  out  of  two  independent  sets  of 
coincident  2D  measurements  made  with  different  ori¬ 
entation  of  the  two  probes  (see  also  Stahlecker  et  al. 
(1997).  Since  the  green  light  (indicating  approximately 
radial  velocity)  was  measured  on  both  occasions,  it  was 
checked  if  the  difference  between  the  two  measurements 
was  small.  This  has  been  confirmed.  Thus  the  condi¬ 
tionally  averaged  axial  velocity  component  derived  from 
this  measurement  could  be  used  to  complete  the  first 
2D  in-plane  measurement. 

At  each  measurement  position,  an  amount  of  about 
nt=25.000  coincident  2D  measurements  were  taken 
first,  measuring  the  velocity  components  in  planes  par¬ 
allel  to  the  diffuser  casing.  The  second  2D  measurement 
was  made  to  acquire  the  third  (axial)  flow  component. 
The  optical  axis  of  the  two  probes  were  arranged  under 
an  angle  of  34.5°.  During  this  second  measurement, 
about  nt  =  12.000  coincident  2D  bursts  have  been 
collected  at  each  point.  The  coincident  time-window 
width  was  set  for  all  measurements  to  4/xs.  With  the 
good  alignment,  possibilities  of  the  probe  holders  the 
time  delay  of  the  bursts  (which  could  be  observed  on 
an  oscilloscope)  was  typically  less  than  0.5fxs. 

DATA  REDUCTION 


1.  classified  overlay  of  all  data  taken  at  all  N  im¬ 
peller  revolutions  (up  to  24’000)  ,  using  the  0.1° 
resolution 

2.  projection  of  the  22  impeller  channels  (11  full  and 
11  splitter  blades)  to  one  representative  “Twin- 
Blade  Channel”  domain  of  32.7°  width  compris¬ 
ing  one  splitter  and  one  full  blade  channel 

3.  Calculation  of  33  phase-averaged  mean  velocities 
Cfc  and  standard  deviations  77k  with  a  1°  angular 
window  width. 

The  33  phase-averaged  velocities  and  standard  de¬ 
viations  per  twin-blade  channel  for  time-resolved  plots 
are  calculated  as  follows: 

ck  =  —  y>,fc)  k  =  1...33  (1) 

nk7=! 

al  =  Y>,fc  -  c*)2,  k  =  1—33  (2) 

Time  averaged  velocity  data,  specially  calculated 
for  CFD  comparisons,  is  calculated  in  a  refined  way. 
The  raw  data  is  phase  averaged  a  second  time,  as  indi¬ 
cated  in  Fig.10,  but  this  time  the  phase  averaging  res¬ 
olution  is  set  to  0.1°  leading  to  327  classes  within  the 
twin  blade  channel.  New  phase  averaged  local  mean 
and  standard  deviation  values  cjt  and  ak  are  calculated 
with  Eq.(l)  and  (2)  with  k  running  now  from  1  to  327. 
The  327  data  groups  are  then  arithmetically  averaged  to 
give  a  single  time-averaged  value  over  the  twin-passage 
as: 


c  = 


327 


(3) 


The  analogous  turbulent  fluctuation  intensity  may 
be  calculated  as  follows: 


327 

"=  327  I> 


(4) 
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The  averaging  over  0.1°  classes  reduces  the  influence 
of  velocity  bias.  In  order  to  obtain  mass-averaged  mean 
velocities,  the  327  classes  must  be  suitable  weighted. 
This  problem  is  not  discussed  in  the  present  paper. 
Phase  and  time-averaging  was  done  for  each  axial  (y) 
and  pitchwise  (x)  measurement  position.  All  data  sets 
are  made  non-dimensional  with  the  impeller  rim  speed 
of  U2  =  260 m/s.  In  the  present  study  only  the  averaged 
mean  velocity  components  shall  be  presented. 

ACCURACY 

LDV  measurement  error  sources  have  been  widely  dis¬ 
cussed  in  literature  see  for  example  Boutier  (1993), 
Durst  et  al.  (1987)  or  Ruck  (1987).  Errors  due  to  long¬ 
term  drift  and  irreproducibility  of  the  compressor  op¬ 
erating  point  is  less  than  2%  of  impeller  rim  speed  even 
in  regions  of  the  highest  velocity  gradients.  The  po¬ 
sitioning  of  the  probes  was  realized  with  a  three  axis 
traversing  unit.  For  all  three  axes  a  5-phase  stepper 
motor  was  used  and  operated  in  half-step  mode  per¬ 
mitting  1000  steps  per  spindle  revolution.  In  half-step 
mode  the  bi-directional  repeatability  for  all  axes  is  in 
the  range  of  ±3/nn.  The  absolute  position  error  of  the 
probe  measurement  volumes  with  respect  to  the  ori¬ 
gin  of  the  compressor  coordinate  system  is  less  than 
±0.02mra  in  each  direction. 

The  velocity  accuracy  of  a  single  coincident  2D  mea¬ 
surement  is  a  result  of: 

•  the  uncertainty  of  velocity  measurement  by  each 
beam  pair 

•  the  accuracy  of  the  velocity  transformation  into 
the  orthogonal  velocity  components  of  the  com¬ 
pressor  coordinate  system. 

The  accuracy  of  each  beam  pair  velocity  measure¬ 
ment  is  mainly  influenced  by  the  accuracy  and  reso¬ 
lution  of  the  TSI  IFA755.  Experiments  with  artificial 
noisy  bursts  at  typical  IFA  settings  revealed  an  average 
frequency  uncertainty  of  0.5%. 

The  accuracy  of  the  orthogonal  velocity  components 
in  the  compressor  coordinate  system  depends  upon  the 
measurement  accuracy  of  the  transformation  angles  re¬ 
quired.  The  transformed  in-plane  measurements  were 
found  to  have  an  accuracy  of  2%  and  the  accuracy  of 
the  axial  velocity  is  about  3%  of  impeller  rim  speed. 
Up  to  this  point  only  the  maximum  relative  error  of 
the  unbiased  single  2D  coincident  measurements  has 
been  estimated.  Time-averaged  LDV  velocity  bias  of 
the  in-plane  velocity  components  is  estimated  to  be  less 
than  4%,  of  the  axial  component  less  than  2%.  This 
results  in  a  maximum  mean  and  rms  velocity  error  of 
less  than  7%  for  each  of  the  three  components. 

RESULTS  AND  DISCUSSION 

The  time  averaged  velocity  vector  plots  of  the  LDV 
and  the  CFD  predictions  are  shown  and  compared 
in  figures  11  and  12.  All  velocity  vector  plots  have 
the  same  common  scale  permitting  direct  comparisons. 
Vectors  shown  are  transformed  into  the  planes  of  the 


measurement  cross  sections  and  do  not  comprise  the 
normal-to-plane  component  which  is  in  the  order  of 
200 m/s. 

Best-Point 

In  Fig.  11  the  LDV  measurement  results  at  best-point 
are  shown  for  the  semi- vaneless  space  cross  section  and 
the  throat  cross  section. 

The  velocity  vector  field  of  the  diffuser  throat  mea¬ 
surements  (Fig.  11(b))  clearly  reveals  the  existence  of  a 
single  large  streamwise  secondary  flow  vortex  centered 
near  the  pressure  side/casing  corner  .  At  the  suction 
side  the  velocities  have  only  very  small  transverse  (hor¬ 
izontal)  velocity  components,  and  the  axial  flow  is  di¬ 
rected  from  the  hub  to  the  casing  side.  At  the  lower  left 
comer  very  low  velocities  have  been  measured.  (The 
high,  mostly  horizontal  velocities  at  the  pressure  side 
of  the  vanes  seen  in  Fig.  11(b)  are  a  result  of  the  incli¬ 
nation  (non-perpendicular icity)  of  the  measuring  cross 
section  to  the  vane  surface  at  the  circular  nose  contour 
(see  Fig.  8)). 

The  vector  plots  of  the  semi  vaneless  space  cross  sec¬ 
tion  (Fig.  11(a))  reveals  the  initial  development  of  the 
vortex.  Due  to  the  missing  pressure  side  ’guide’  vane 
the  vortex  is  not  fully  closed.  The  predominant  feature 
is  the  existence  of  a  suction-to-pressure-side  shear  flow 
near  the  casing  caused  by  the  structure  of  the  impeller 
exit  flow  as  explored  by  Roduner  et  al.  (1998).  As  soon 
as  the  right  hand  side  vane  traps  the  flow,  there  nec¬ 
essarily  develops  a  closed  vortex  instantaneously  .  The 
velocity  vectors  heading  near  the  suction  side  have,  like 
the  ones  in  the  throat,  little  transverse  component  and 
are  oriented  from  hub  to  casing. 

In  Fig.  11(d)  and  11(c)  the  corresponding  vector 
plots  of  the  CFD  calculations  are  shown.  Comparing 
the  measured  and  calculated  throat  vector  plots  (Fig. 
11(b)  and  11(d))  a  high  degree  of  similarity  of  the  large 
scale  secondary  flow  structures  is  obvious.  The  CFD 
calculations  predict  a  single  large  vortex  shifted  to  the 
casing  pressure  side  comer  as  measured  by  LDV.  An 
overall  good  agreement  of  the  transverse  velocities  is 
seen,  whereas  the  low  axial  flow  velocities  in  the  core 
region  Eire  calculated  too  low.  This  is  in  line  with  the  in¬ 
let  boundary  conditions  used  for  the  CFD  calculations. 
These  assumed  zero  axial  component  and  no  circumfer¬ 
ential  variation  of  the  impeller  exit  flow.  Thus  all  axial 
components  of  the  CFD  calculations  must  be  developed 
from  zero  level  at  the  inlet  circle  (105%  radius). 

The  LDV-CFD  vector  field  comparison  of  the  global 
flow  structures  in  the  semi  vaneless  space  cross  section, 
(Fig.  11(a)  and  11(c)),  reveals  good  agreement  too. 
Both  show  the  u-tumed  flow  at  mid  right.  The  CFD 
predicted  horse  shoe  vortex  at  the  suction  side  hub 
corner  was  not  measurable  with  the  LDV.  Due  to  the 
2D  CFD  boundary  conditions  with  zero  axial  compo¬ 
nent  mentioned  above,  the  calculated  axial  velocities 
are  significantly  lower  than  the  measured  ones. 


36.6.5 


Near  Surge 

For  this  operating  point  the  measurements  show  in  the 
throat  cross  section  clear  secondary  flow  (Fig.  12(b)), 
but  in  contrast  to  the  the  higher  flow  rate  at  best  point, 
no  distinct  flow  vortex  is  seen  to  be  developed.  The 
lower  left  side  horse  shoe  vortex  at  the  vane  suction 
side  is  indicated  by  the  velocities  heading  for  the  pres¬ 
sure  side.  On  the  casing,  very  near  to  the  suction  side, 
a  local  stagnation  point  is  formed  which  deflects  part 
of  the  flow  into  the  upper  left  suction  side  corner.  This 
is  best  seen  in  Fig.  12(b).  Due  to  the  flat  diffuser  in¬ 
flow  angles  at  near  surge,  acceleration  effects  around 
the  nose  are  not  as  significant  as  at  best  point,  conferr 
Fig.  11(b)  and  12(b)  near  the  pressure  side. 

Also  at  near  surge  operating  point  CFD  (Fig. 
12(d))  predicts  in  comparison  to  the  measurements 
pretty  well  the  secondary  flow  structure  of  the  throat 
cross  section.  Whereas  the  LDV  does  not  show  any 
closed  vortex,  a  tiny  one  is  predicted  by  the  calculations 
at  the  lower  left  side.  The  horseshoe  vortex  is  visible. 
The  stagnation  point  seen  in  the  LDV  measurements 
is  also  reflected  by  the  CFD  calculations,  but  it  is  a 
very  small  region  close  to  the  upper  left  corner,  which 
is  not  resolved  in  the  presented  CFD  vector  plots.  The 
differences  concerning  the  axial  velocity  component  are 
mainly  due  to  the  unrealistic  CFD  boundary  condition 
used. 

The  near-surge  comparison  of  measurements  and 
calculations  in  the  semi  vaneless  space  (Fig.  12(a)  and 
12(c))  cross  section  show  good  agreement  for  the  suc¬ 
tion  side  vertical  flow  from  hub  to  casing.  This  flow 
turns  to  the  right  and  is  parallel  to  the  casing  wall. 
Differences  are  obvious  for  the  lower  right  section.  The 
measurements  reveal  almost  vertical  flow  towards  the 
casing  whereas  the  CFD  calculations  predict  almost 
horizontal  flow  orientet  to  the  right.  It  will  merit  to  be 
checked  how  far  the  missing  axial  velocity  component 
of  the  CFD  boundary  conditions  influences  this  calcu¬ 
lated  result. 

Unsteady  Effects 

Time  resolved  (impeller  position  dependent)  vector 
flowfields  of  the  LDV  measurements,  not  presentet 
here,  have  shown  that  the  secondary  flow  vortex  struc¬ 
ture  at  best-point  in  the  throat  is  virtually  stationary. 
The  time  resolved  streamwise  velocity  component  over- 
layed  on  the  vector  field  shows  the  influence  of  the 
unsteady  (already  highly  damped  out)  jet/wake  flow. 

CONCLUSIONS 

•  LDV  measurements  in  a  small  width  (<  20 mm) 
high-subsonic  centrifugal  compressor  were  shown 
to  be  possible  if  some  crucial  improvements  to 
the  rig  and  the  LDV  set-up  are  made.  These 
comprise: 

1.  Black  absorption  filter  glass  in  conjunction 
with  off-axis  scattered  light  reception. 

2.  Special  probe  holders  for  accurate  laser 


measurement  volume  alignment. 

3.  Closed  loop  facility  and  high  production 
rate  particle  generator. 

•  Secondary  flow  produces  a  single  large  stream- 
wise  channel  vortex  in  the  throat  at  best  point. 

•  The  global  large  flow  structures  (i.e.  single  chan¬ 
nel  vortex,  horse  shoe  vortex,  stagnation  point) 
of  the  LDV  measurements  are  well  reflected  in 
the  CFD  calculations.  This  is  the  case  for  both, 
best-point  and  near-surge  operating  point. 

•  The  CFD  predicted  axial  velocities  are  lower  than 
those  measured,  which  is  a  consequence  of  setting 
zero  axial  velocity  component  in  the  velocity  inlet 
boundary  conditions. 

•  Time  resolved  data  analysis  of  the  throat  vector 
field  at  best  point  reveals  that  the  vortex  struc¬ 
ture  is  virtually  stationary. 
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Figure  1:  General  sketch  of  the  centrifugal  com¬ 
pressor  test  rig. 


Figure  2:  View  towards  the  unshrouded 
impeller  and  diffuser  (Configuration:  24 
vanes,  25°  stagger  angle). 


Figure  3:  LDV  System  Setup. 
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Figure  5:  Part  of  impeller  with  black  ab¬ 
sorption  filter  glass  in  the  diffuser  rear 
wall. 


Figure  4:  Test  compressor  with  LDV  setup.  Optical 
probe  traverse  mechanism  at  center,  diffuser  window 
access  at  mid  right. 


(a)  Probe  holders  with  probes  and  light 
path. 


(b)  Uncovered  view  with  three  O-rings 
and  flat  rubber  ring  for  probe  alignment. 


Figure  6:  New  developed  special  probe  holders. 
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Figure  7:  Computational  grid  with  block  structured  H-type  mesh  consisting  of  102138  actice  nodes. 


Figure  8:  LDV  measurement  traverses  in  the 
semi  vaneless  space  and  in  the  diffuser  throat. 


Figure  9:  LDV  measurement  grid  of  throat  cross 
section  consisting  of  17x14  unevenly  spaced  lo¬ 
cations. 
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Figure  10:  Phase  averaging  procedure.  Left:  Data  overlay  of  all  N  (»  6000-24000)  impeller  revolutions.  Middle. 
Reduction  to  one  "Twin  Blade  Channel"  (one  splitter  and  one  full  blade).  Right:  Calculated  33  phase  averaged 
mean  and  standard  deviation  values  (1°  classes  assumed).  Sample:  streamwise  velocity  cs  at  105 /o  radius, 
y/b=0.2,  Mu  =  0.75,  Best  Point. 
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Figure  11:  Best-point  secondary  flow  vectors  at  the  semi- vaneless  space  (left)  and  at  the  throat  (right);  LDV 
at  top,  CFD  at  bottom. 
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(c)  CFD,  Semi  vaneless  space  cross  section. 


(d)  CFD,  Throat  cross  section. 


:  50  m/s 


Figure  12:  Near-surge  secondary  flow  vectors  at  the  semi-vaneless  space  (left)  and  at  the  throat  (right);  LDV 
at  top,  CFD  at  bottom. 
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ABSTRACT 

This  paper  describes  the  experimental  study  of 
the  flow  downstream  an  axial  blade  wheel  using  non- 
intrusive  measurement  techniques.  First  a  Laser 
Doppler  Velocimeter  synchronized  on  the  wheel 
angular  position  provides  temporal  representations  of 
the  velocity  in  the  blade-to-blade  plane.  Second  a 
Particle  Image  Velocimeter  is  used  to  give  a 
complementary  approach  of  the  flow  in  the  same  plane. 
PIV  will  allow  in  one  hand  to  achieve  velocity  vector 
field  obtained  downstream  the  blade  wheel  and 
between  the  blades  on  the  other  hand  (blade-to-blade 
spacing). 

1.  INTRODUCTION 

Due  to  computer,  numerical  study  is  become  now 
the  first  research  and  development  tool  used  in  all 
physical  domain  like  turbomachinery.  However 
experimental  data  are  necessary  to  validate  the 
different  numerical  models  and  to  verify  reached 
performances  by  designed  machine.  In  industrial 
world,  the  Steam  Turbine  Research  Center  (C.R.T.V.) 
of  G.E.C.-Alsthom  Company  is  responsible  for  the 
study  of  different  flows  and  for  the  determination  of 
element  turbine  performances. 

The  efficiency  of  a  steam  turbine  for  electricity 
production  is  determined  by  the  performance  of  each 
blade  wheel  that  sets  the  different  stages  of  the  turbine. 
Turbine  manufacturers  generally  use  pressure  probes 
(like  3  or  5  holes  clinometric  probe)  to  measure  the 
pressure  and  velocity  distribution  downstream  a  blade 
row.  However,  the  uses  of  intrusive  measurement 
techniques  in  turbulent  flow  generate  bias,  which  are 
difficult  to  estimate.  More,  the  use  of  these 
measurement  techniques,  like  for  example  hot  wire  is 
physically  impossible,  due  to  the  fragility  of  the  sensor. 


Worried  about  result  accuracy,  the  industrial 
center  wished  to  confront  these  measurement 
techniques  with  LDV  and  PIV  through  a  typical  test 

rig- 

The  aim  of  the  global  study  (Girardot  1997)  is  to 
determine  the  velocity  distributions  and  profiles  as  a 
function  of  the  wheel  angular  position  in  order  to 
obtain  a  good  comprehension  of  this  complex  flow, 
which  will  allow  the  confrontation  with  other  industrial 
measurement  systems. 

In  this  work,  the  flow  downstream  a  blade  wheel 
was  examined  by  using  a  2D  Laser  Doppler 
Velocimeter.  More,  Particle  Image  Velocimetry 
measurements  were  done  in  order  to  achieve  complex 
flow  structures.  However  in  this  paper  we  will  present 
only  a  part  of  the  many  results  obtained  with  the  two 
optical  techniques  (LDV  and  PIV). 

2.  EXPERIMENTAL  SETUP 

In  order  to  compare  and  evaluate  different 
measurement  techniques,  the  test  rig  doesn’t  need  to  be 
necessary  sophisticate  but  must  especially  respect 
several  characteristics  (compressibility,  blade 
frequency,  and  blade  wake...).  The  global 
experimental  apparatus  as  shown  in  Figure  1  was  setup 
to  achieve  velocity  that  is  similar  to  flow  behavior 
found  in  turbomachinery  application.  The  axial  mean 
velocity  is  about  85  m/s  (compressibility  limit)  and  the 
instantaneous  flow  is  composed  of  a  wake  part  and  a 
healthy  part.  The  designed  rotor  consists  of  40  blades 
with  a  tip  diameter  of  600  mm,  a  height  of  18  mm  and 
a  homline  angle  of  60°.  So  the  pitch  between  two 
successive  blades  correspond  to  9°of  azimuth 
(blade-to-blade  spacing).  More,  blades  have  plane 
constant  section  with  blunt  leading  edge  and  sharpened 
trailing  edge. 
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The  wheel  is  fixed  on  a  dead  shaft  running 
freely  into  two  ball  bearings.  An  exhaust  fan  draws  up 
the  air,  which  means  the  rotation  of  the  free  running 
axial  wheel  until  a  rotation  speed  of  4,800  RPM. 
Thus,  the  blade  passage  frequency  is  3.2  kHz. 


3.  LASER  DOPPLER  VELOCIMETRY 
3.1  Experimental  Setup 

The  LDV  system  as  shown  in  Figure  2a  consists 
of  T.S.I  two-dimensional  Argon  based  system.  The 
optical  probe  (transmitting  and  receiving  optics)  is 
mounted  on  automatic  3  axes  traverse  system.  The 
optical  axis  is  vertical  and  proceeds  by  the  upper 
generative  test  rig  casing  as  shown  in  Figure  2b  and 
the  fringe  networks  are  positioned  at  45°  from  the 
axial  direction  in  order  to  balance  the  signals.  Thus 
the  two  measured  velocity  components  are  in  the 
blade-to-blade  plane  (the  axial  and  the  tangential 
components  of  velocity). 

The  optical  configuration  used  allows  achieving 
90  pm  diameter  and  1.3  mm  length  measuring 
volume. 

The  beams  pass  through  a  2  mm  thickness  flat 
window.  Due  to  the  small  facility  test  size 
(reflection),  it  was  impossible  to  realize  any 
measurements  under  3.6  mm  from  the  endwall  at  the 
hub  and  very  difficult  to  obtain  some  of  them  at  this 
altitude  (radial  direction).  So  the  valid  results  begin  at 
the  altitude  of  5.4  mm.  The  flow  has  been 


investigated  at  a  distance  of  3  mm  from  the  blade 
trailing  edge  and  at  steps  of  1mm,  2  mm  and  5  mm 
(axial  direction). 

Doppler  signal  is  process  by  a  digital  burst 
correlator  (IFA  755),  associated  to  a  rotating 
machinery  resolver  (RMR).  Associated  to  an  optical 
coder  (one  pulse  /  wheel  revolution),  RMR  allows  to 
phase  average  the  data  according  to  the  wheel  angular 
position  with  a  resolution  of  3600  bins  /  revolution 
(0.1°)  ;  thus  each  validated  particle  (coincidence 
mode)  is  tagged  by  the  instantaneous  blade  wheel 
position.  Using  an  adapted  windows  based  program 
(PACE)  data  will  be  classified  for  each  blade  pitch 
into  30  bins.  This  configuration  will  give  us  a  0.3° 
resolution. 


2a  Global  setup 
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laser  beams 


order  to  produce  a  correct  mixture.  Then  the  aerosol 
enter  in  a  heat  exchanger  where  oil  is  vaporized  to 
produce  particles  which  the  sizes  are  about  0.3  pm. 
This  smoke  is  introduced  in  the  test  section  father  as 
possible  upstream  the  blade  wheel  throughout  an  inox 
capilar  vertically  positioned.  The  location  of  the 
injection  point  is  optimizing  for  each  point 
investigated  in  the  flow  map. 

3.3  Results  and  Discussion 

Periodicity.  The  first  step  of  our  study  was  to 
investigate  the  flow  periodicity  in  order  to  allow  data 
acquisition  on  the  complete  revolution  and  by  the 
same  time  reducing  the  acquisition  time.  Figure  3 
shows  the  velocity  distribution  (half  revolution)  as 
function  of  the  angular  position  of  the  wheel  at  one 
position  in  the  test  rig.  We  can  see  from  this  diagram 
that  the  flow  is  quite  reproductive  from  one  blade  to 
the  next.  We  can  affirm  that  this  work  hypothesis  is 
verified  for  all  positions.  By  acquiring  data  on  the 
complete  cycle  the  acquisition  time  was  reduced  and 
phase  averaged  data  between  successive  blade  pitches 
(and  not  investigated  only  for  one  particular  pitch) 
was  done  (9°  azimuth  result  from  the  full  revolution). 


Figure  2  Laser  Doppler  velocimetry 

In  order  to  build  a  flow  map  as  shown  in 
Figure  2c  a  radial  investigation  was  done  by  1.8  mm 
steps  (so  10  %  of  height)  from  the  altitude  of  5.4  mm. 

3.2  Seeding 

Seeding  ability  to  accurately  follow  the  flow  and 
to  give  a  representative  glittering  depends  on  the 
dimension  and  the  density  of  the  particles.  A 
smoke/aerosol  generator  using  Shell  Ondina  oil  and 
nitrogen  have  been  selected  to  produce  the  aerosol. 
The  smoke  obtained  by  thermodynamic  phase  change 
is  a  harmless  mixture  of  a  pure  cosmetic  oil  and 
nitrogen  (inert  gas).  The  nitrogen  passes  through  an 
atomizing  head  and  entrains  the  oil  in  the  gas  flow  in 


Figure  2  Velocity  distribution  on  the  half-cycle 

One  of  the  main  problems  in  rotating  machinery 
flow  is  to  control  the  seeding  in  order  to  have  one 
homogenous  distribution  of  particle  between  each 
blade  and  especially  in  the  blade  wake.  In  order  to 
have  a  good  estimation  of  the  mean  flow  velocity;  we 
collected  30,000  particles  for  each  position  in  the  test 
rig,  which  corresponds  in  the  wake  part  of  the  flow  to 
a  minimum  of  250  particles  per  bin. 

Axial  evolution.  At  the  altitude  of  9  mm 
from  the  endwall  at  the  hub  Figure  4  and  5  show 
respectively  the  global  axial  evolution  of  the  velocity 
and  angle  distribution  as  the  function  of  the  wheel 
angular  position  (phase  averaged  on  one  blade  pitch). 
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It  can  be  seen  from  these  curves  that  the  wake 
position  is  shifted  with  the  axial  evolution  and 
moreover  that  the  amplitude  of  this  wake  decreases 
by  a  factor  of  2  when  we  go  away  of  20  mm  from 
5  mm  but  this  reduction  is  associated  to  a  wake 
expansion.  More,  the  analysis  of  the  angle 
distribution  shows  that  this  wake  is  shifted  on  the 
opposite  way  of  the  wheel  rotation  because  the  mean 
flow  angle  has  a  negative  value. 

Figure  6  corresponds  to  the  mean  velocities  field 
obtained  at  the  same  altitude  Z  =  9  mm  (vectorial 
representation  figures  4  and  5). 


Altitude  Z  =  9  mm  from  the  endwall  at  the  hub 


Figure  4  Velocity  distribution  in  a  blade-to-blade  plane 


Altitude  Z  =  9  mm  from  the  endwall  at  the  hub 


Figure  6  Mean  velocities  field 


Radial  evolution.  Figures  7  and  8  represent 
the  velocity  and  angle  distribution  as  a  function  of  the 
wheel  angular  position  for  a  fixed  blade  trailing  edge 
distance  (X  =  5  mm)  and  for  different  altitudes  (Z). 


Distance  from  the  blade  trailing  edge  X  =  5  mm 


Wheel  angular  position  [°] 

Figure  7  Radial  velocity  distribution  at  X  =  5  mm 


Distance  from  the  blade  trailing  edge  X  =  5  mm 


Figure  8  Radial  angle  distribution  at  X  =  5  mm 


We  can  see  from  these  curves  that  there  is  a 
strong  velocity  gradient  near  the  hub  casing  (Z  =  5.4 
and  7.2  mm).  For  altitudes  higher  than  Z  =  7.2  mm 
we  can  see  that  the  velocity  distribution  is  more 
homogeneous  with  a  slight  shift  of  the  wake  center 
position.  In  fact  the  flow  can  be  divided  into  two 
separate  areas,  one  with  a  high  velocity  gradient  close 
to  the  hub  casing  and  a  second  one  with  a  quasi¬ 
constant  velocity. 


4.  PARTICLE  IMAGE  VELOCIMETRY 
4.1  Experimental  Setup 

The  Particle  Image  Velocimetry  (Figure  9) 
system  is  based  upon  a  TSI  PowerView  system, 
including  25  mJ  dual  mini  Yag  laser  (continuum), 
high  resolution  cross  correlation  camera  (IK  x  IK 
resolution),  synchronizer  and  “Insight”  windows  NT 
based  software  for  acquisition,  processing  and  post 
processing.  As  for  LDV  measurement,  PIV 
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acquisition  was  phase  lock  with  a  TTL  external 
trigger  in  order  to  phase  average  data. 

Due  to  the  windows  size  (15  mm  which 
corresponds  to  3°),  it  was  impossible  to  capture  a 
complete  blade  pitch.  Thus  to  reconstruct  the 
blade-to-blade  flow  field,  we  did  3  separate  image 
sequences  each  of  them  shifted  of  100  |us  (3° 
rotation). 


The  light  sheet  is  created  through  cylindrical 
and  spherical  lenses  and  introduces  into  the  test 
section  with  a  prism  mounted  in  flow  downstream  the 
test  section.  Because  of  the  size  of  the  measuring 
plane  and  to  avoid  blade  reflection,  the  energy  used 
was  about  40  %  of  the  full  scale,  so  10  mJ/pulse. 

4.2  Flow  Seeding  and  Data  Processing 

Like  in  LDV,  seeding  is  the  most  critical  point 
for  PIV  measurement  in  turbomachinery  (Wernet 
1997).  More,  in  opposition  to  LDV,  a  uniform  and 


high  concentration  seeding  is  necessary  for  PIV 
measurement.  In  our  case,  we  decided  to  use  1-2  pm 
water  droplet  to  perform  this  experiment. 

Because  of  the  velocity  (100  m/s)  and  the 
measuring  plane  size  (20  x  20  mm),  it  was  important 
to  achieve  a  small  time  between  pulses  to  keep  a  good 
spatial  resolution.  We  used  a  2  ps  pulse  delay 
associated  to  a  32  x  32  pixels  (1.5  x  1.5  mm)  of 
resolution  with  50%  of  overlap  and  a  cross 
correlation  technique.  We  can  see  from  this  point  that 
our  PIV  spatial  resolution  is  10  times  higher  than  the 
LDV  one. 

4.3  PIV  Results 

Figures  10,  11  and  12  show  the  PIV  results 
obtained  downstream  the  wheel  (wake  area)  and  into 
the  blade-to-blade  space. 

Figure  10  is  a  direct  comparison  with  LDV  data 
including  stream  traces  (mean  velocities  field  as 
function  of  wheel  angular  position).  We  can  see  from 
this  figure  that  the  velocities  field  is  very  similar  to 
those  obtained  by  using  Laser  Doppler  Velocimetry 
technique  (wake  position  and  velocity  amplitude). 
However,  we  can  see  that  flow  angle  (wake  area) 
seems  to  be  higher  on  the  PIV  velocities  field.  This 
can  be  due  to  the  fact  that  the  response  of  the 
particles  used  for  PIV  measurement  are  bigger  than 
the  seeding  used  in  LDV  or  to  the  fact  that  the  camera 
was  not  exactly  parallel  to  the  main  direction  of  the 
flow  (angular  error). 


Figure  10  Mean  velocities  field 
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Figure  11  shows  the  mean  velocities  field 
obtained  into  the  wake  part  of  the  flow,  associated  to 
the  iso  velocity  gradients  (du/dx).  As  we  can  expect, 
we  can  see  a  high  velocity  gradient  upstream  and 
downstream  the  wake  position  (wake  crossing).  More, 
we  can  see  from  this  curve  that  the  velocity  gradients 
are  symmetrical  to  the  wake  center. 


100  m/s  — - 


Distance  from  the  blade  trailing  edge  [mm] 


Figure  11  Mean  velocities  field  (wake  area) 

Figure  12  shows  the  mean  velocities  field 
obtained  into  the  blade  to  blade  spacing.  These 
measurements  have  been  performed  in  order  to 
control  the  flow  distribution  between  blades.  The 
velocities  field  is  not  display  in  a  fixed  reference  but 
in  a  mobile  coordinates  system  (wheel  reference).  To 
perform  that,  we  subtracted  to  the  mean  velocities 
field  the  wheel  velocity  (148  m/s).  We  can  see  from 
this  figure  that  the  flow  is  well  parallel  to  the  blades. 


180  m/s  — 


Figure  12  Mean  velocities  field  (inter  blades  area) 


5.  CONCLUSION 

This  work  demonstrated  the  ability  of  LDV  and 
PIV  to  investigate  an  enclosed  flow  downstream  a 
blade  wheel.  The  knowledge  of  this  complex  flow 
will  allow  calibrating  the  industrial  probes  in  order  to 
optimize  the  efficiency  of  such  turbomachinery  by  a 
methodical  study  of  the  different  stages  of  a  turbine 
and  principally  the  wake  evolution  for  different 
blades  configuration.  More  the  use  of  PIV  allows 
investigating  unsteady  structures  that  have  direct 
influence  on  the  turbomachinery  efficiency. 
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Abstract 

Two-dimensional  particle  image  velocimetry 
(PIV)  measurements  were  made  in  the  burned  and 
unbumed  gas  of  a  firing,  reciprocating  internal- 
combustion  engine.  Cross  correlation  was  used  to 
analyze  the  double-exposure  photographs  using  a 
1.25  mm  interrogation  spot  on  a  0.5  mm  grid.  Electro- 
optical  image  shifting  was  used  to  resolve  the 
directional  ambiguity.  The  particle  properties  and  the 
seeding  density  are  the  two  key  features  enabling 
simultaneous  measurements  in  the  burned-  and 
unbumed-gas  regions.  The  flame  coordinates  were 
identified  as  the  interface  between  the  low  and  high 
seeding  density  regions  on  the  PIV  photographs. 
Those  coordinates  were  used  to  identify  the  burned 
and  unbumed  regions  of  the  velocity  distributions. 
High-pass  spatial  filtering  is  used  to  visualize  coherent 
structures  of  spatial  scales  L,  where 
1.25  mm  <  L  <  10  mm.  Vorticity  and  strain-rate 
distributions  are  computed  from  the  instantaneous 
velocity.  PDFs  of  these  distributions  were  computed, 
conditionally  sampled  on  the  burned  gas,  unbumed 
gas  and  proximity  to  the  flame  front.  For  this  paper, 
analysis  of  only  one  realization  is  presented  in  detail 
in  order  to  maintain  a  manageable  number  of 
illustrations  yet  demonstrate  flow  properties  observed 
in  fifteen  recorded  realizations. 

The  high-pass  filtering  reveals  coherent  flow 
structures  that  appear  to  correlate  with  the  flame 
wrinkling,  but  are  otherwise  not  apparent  in  the 
instantaneous  velocity  distributions.  The  vorticity  in 
the  burned  gas  regions  appears  higher  than  that  in  the 
unbumed  gas  regions.  The  normal  strain-rates  appear 
to  be  large  and  predominately  positive  adjacent  to  the 
flame  and  in  the  burned  gas.  The  shear  strain-rate 
distributions  show  no  obvious  variations  ahead, 
behind,  or  adjacent  to  the  flame.  These  observations 


were  apparent  both  by  inspection  of  the  plotted 
distributions  and  in  the  conditionally  sampled  PDFs. 

1.  INTRODUCTION 

The  turbulent  flow  in  reciprocating  internal 
combustion  (RIC)  engines  controls  fuel  mixing, 
residual  mixing,  heat-transfer,  and  the  rate  of 
combustion;  consequently,  it  is  a  major  factor  in  the 
engine’s  efficiency  and  emissions.  Most  knowledge 
of  the  in-cylinder  turbulence  has  been  acquired 
through  single-point  time-resolved  measurements  of 
motored  or  precombustion  gases  using  either  hot¬ 
wire  anemometry  (HWA)  or  laser-Doppler 
anemometry  (LDA),  Rask  (1984),  Arcoumanis  and 
Whitelaw  (1987)  and  Valentino  et  al  (1997).  These 
measurements  provide  the  ensemble  mean  velocity 
(Ui)  fluctuating  velocity  (uj’)  Reynolds  stresses, 
spatial-correlations,  and  temporal  correlations. 
Turbulence  characterization  using  these  parameters  is 
consistent  with  current  computational  fluid  dynamics 
(CFD)  codes  that  solve  the  time-averaged  turbulent 
flow  equations  for  in-cylinder  flow.  Few 
measurements  of  in-cylinder  turbulence  have  been 
made  in  the  burned  gas  regions.  This  is  because 
HWA  measurements  are  not  feasible  and  LDA 
measurements  in  fired  engines  are  even  more  difficult 
than  in  motored  engines.  Notwithstanding,  LDA 
measurements  in  research  engines  have  shown  that 
there  is  little  change  in  the  burned-gas  turbulence 
fluctuations  between  600  and  1200  RPM,  Foster  and 
Witze  (1988),  but  is  substantially  changed  between 
1500  and  2000  RPM,  Lorenz  and  Prescher  (1990)  . 

One  of  the  most  important  effects  of  turbulence  is 
it’s  effect  on  combustion.  Advanced  models  of 
turbulent,  premixed  combustion  include  local  flame- 
surface  generation,  local  burning  rates,  and  local 
extinction.  Laboratory  experiments,  Mueller  et  al. 
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(1996,  1998),  and  flame  models,  Candel  and  Poinsot 
(1990),  have  demonstrated  that  these  phenomena  are 
dependent  on  the  local  fluid  strain;  further,  baroclinic 
torque  in  the  flame  attenuates  small  eddies  and 
generates  new  vorticity  in  the  burned  gas  that  counters 
the  incident  vorticity.  One  consequence  of  the 
advances  in  flame  modeling  is  that  the  turbulence 
fluctuation  about  the  mean,  u  ,  is  a  poor  metric  for 
characterizing  the  turbulence.  Whereas  u’  provides 
only  a  random  sampling  of  the  coherent  velocity 
structures  (cf.  Hussain  (1986)  ),  strain  rate  (ey)  and 
vorticity  (wO  are  direct  measures  of  the  fluid 
deformation  caused  by  the  coherent  structures. 
Further,  ey  and  wi  are  the  fluid  properties  that  control 
the  flame's  response  to  the  fluid.  Particle  Image 
Velocimetry,  PIV,  provides  the  ability  to  measure  the 
2-D,  instantaneous  velocity,  out  of  plane  vorticity  (wz) 
and  in-plane  strain  rates  (en,  e22>  ar>d  £12)  over  an 
extended  area  in  a  RIC  engine.  However,  PIV 
measurements  in  RIC  engines  have  been  limited  to 
either  motored  flow  (  Reuss  et  al  (1989),  Nino  et  al 
(1992),  Valentino  et  al  (1993),  Guibert  et  al  (1993), 
Sweetland  and  Reitz  (1994)  and  Reeves  et  al  (1996) ) 
or  flow  in  the  unburned  gas  ahead  of  the  flame  (Reuss 
et  al  (1990),  Nino  et  al  (1993)  and  Reeves  (1995) ). 
The  work  reported  here  demonstrates  a  PIV  technique 
for  measuring  the  velocity,  vorticity  and  strain-rates 
simultaneously  in  the  burned  and  unbumed  gas 
regions  of  a  firing  RIC  engine. 

The  ultimate  goal  of  the  work  described  here  is  to 
reveal  the  physical  processes  in  the  flame-flow 
interaction.  With  this  goal  in  mind,  the  engine  used  in 
this  study  was  configured  to  produce  a  high-swirl  in¬ 
cylinder  flow  for  three  reasons.  First,  the 
instantaneous  velocity  from  each  realization  is  well 
directed  and  the  cyclic  variability  of  the  large-scale 
swirl  structure  is  small;  thus,  the  large-scale  flow 
during  each  cycle  is  reasonably  repeatable  at  ignition 
and  any  changes  in  the  flow  caused  by  the  flame  are 
readily  apparent.  Second,  the  flame  will  pass  through 
a  reasonably  homogeneous  region  of  turbulence 
during  the  early  part  of  the  bum.  Third,  with  the  well- 
directed  large-scale  swirl  there  is  a  visually  apparent 
separation  between  large-scale  swirl  and  the 
turbulence  in  the  intermediate  scales.  This  property 
provides  a  conceptual  link  between  the  in-cylinder 
RIC-engine  flow  and  simple  flows  traditionally  used 
as  starting  points  for  understanding  the  principles  of 
turbulence. 

This  paper  describes  the  first  step  towards  the 
study  of  flame-flow  interaction  and  has  three 
purposes.  One  is  to  describe  the  technique  for  making 
PIV  measurements  in  the  burned  gas.  Because  the 
particle  properties  and  the  seeding  density  are  the  two 
key  features  enabling  successful  measurements,  details 


of  the  seeding  technique  are  provided.  A  second 
purpose  is  to  provide  a  qualitative  look  at  the  PIV 
measurements  of  turbulence  in  the  unburned  and 
burned  gases.  A  synopsis  of  the  motored  flow  in  this 
engine  is  provided  as  a  basis  of  comparison.  Because 
of  the  abundance  of  new  information,  the  scope  will 
be  restricted  to  one  realization  (i.e.  one  instant  of  the 
combustion  event  in  one  cycle).  The  point  of  this 
focus  is  to  demonstrate  the  new  information  that  can 
be  provided  in  preparation  for  a  more  comprehensive 
treatment.  The  third  purpose  is  to  demonstrate  the  use 
of  conditionally  sampled  probability  density  functions 
(PDFs)  as  a  means  for  quantitative  analysis  in  a 
subsequent  study.  In  particular,  PDFs  are  used  to 
quantify  observations  made  in  the  distributions  of  the 
vorticity  and  strain  rates. 

2.  EXPERIMENTAL  HARDWARE  AND 

METHODS 

Sec.  2.1  provides  a  brief  description  of  the  engine 
and  a  synopsis  of  the  motored  in-cylinder  flow  from 
Reuss  et  al  (1995),  which  is  used  for  comparison  with 
the  fired  results  in  Sec.  3.  Details  of  the  particle 
seeding  are  discussed  in  Sec.  2.2.  In  Sec.  2.3  a  brief 
description  of  the  PIV  methodology  is  repeated  from 
Reuss  et  al  (1989,  1990,  1993),  with  details  added 
where  they  are  unique  to  the  implementation  here.  In 
Section  2.4  the  method  is  described  for  identifying  the 
flame  position  on  the  velocity  distributions  and  for 
generating  the  conditionally  sampled  PDF’s. 

2. 1  The  Engine  and  In-Cylinder  Flow 

The  transparent-combustion-chamber  engine  used 

for  this  study  is  illustrated  in  Fig.  1 .  It  is  a  research, 
four-stroke-cycle  engine  with  30  mm  intake  and 
exhaust  valves  (one  each),  a  pancake-shaped 
combustion  chamber  and  a  centrally  located  spark 
plug.  It  has  a  92  mm  bore,  86  mm  stroke,  and  12.5 
mm  clearance  at  top  dead  center  (TDC),  resulting  in 
an  8:1  compression  ratio.  Optical  access  to  the 
combustion  chamber  is  provided  through  a  quartz 
ring,  which  forms  the  top  25  mm  of  the  cylinder,  and  a 
70  mm  diameter  quartz  window  in  the  top  of  the 
extended  piston.  More  details  of  the  engine  are  given 
in  Reuss  et  al  (1995).  The  engine  was  operated  at 
1200  rev/min,  40  kPa  MAP  and  fueled  with  premixed 
propane  at  an  equivalence  ratio  of  0.95.  Fuel  mixing 
was  attained  using  the  method  described  for  seed 
mixing  in  Sec.  2.2.  The  engine  was  skip  fired  (five 
motored  cycles  and  one  fired  cycle,  repetitively)  with 
ignition  timing  set  at  14  ca  BTDC  (crank-angle 
degrees  before  top  dead  center)  compression.  Skip 
firing  was  employed  so  that  the  initial  condition  for 
combustion  is  nearly  the  same  as  motored  cycles.  The 
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Figure  1  Illustration  of  the  two-valve  optical  engine, 
laser  sheet,  and  PIV  camera. 


PIV  photographs  were  taken  2  BTDC  compression, 
which  captured  burned  and  unburned  regions  of 
approximately  equal  areas  in  the  field  of  view  studied 


here.  MAP  and  exhaust  back  pressure  were  controlled 
to  within  ±  1  kPa  and  engine  speed  to  ±  5  rev/min. 
The  air,  cooling  water,  and  oil  were  controlled  to 
40  ±  1  C. 

To  create  a  repeatable  in-cylinder  engine  flow,  an 
intake  valve  with  a  120  deg  shroud  was  directed 
tangentially  as  illustrated  in  Fig.  2.  The  resulting 
high-swirl  flow  has  been  measured  and  computed 
previously  by  Kuo  and  Reuss  (1995)  and  Reuss  et  al 
(1995)  under  motored  conditions.  Those  studies  have 
demonstrated  that  the  largest-scale  flow  (on  the  order 
of  the  cylinder  bore)  is  a  combination  of  swirl  and 
tumble  with  a  swirl  ratio  of  6  and  tumble  ratio  of  2  at 
intake-valve  closing.  The  motored-engine  ensemble- 
mean  velocity  distribution  at  the  TDC,  combustion- 
chamber  mid  plane  (where  the  fired-engine 
measurements  were  made  in  this  study)  is  nearly  solid 
body  rotation  (see  Reuss  et  al  (1995)).  At  TDC  the 
swirl  ratio  is  less  than  5  and  what  remains  of  the 
tumble  structure  is  weak  and  relegated  to  the  center 
region  of  the  bore.  The  instantaneous  velocity 
distributions,  u(x,y),  in  Figs.  3a  and  b  demonstrate  that 
the  shrouded  valve  produces  large-scale-swirl  flow 
each  cycle  that  is  nearly  the  same  as  the  ensemble- 
average  velocity,  but  with  swirl  centers  that  move 
from  cycle  to  cycle.  The  instantaneous  velocity 
distributions  in  Fig.  3a  and  b  also  show  cyclic 
variability  in  the  large  swirl  structure  toward  the 
cylinder  wall,  which  manifests  itself  as  waviness  in 
the  vector  alignment  compared  to  a  nearly  circular 
vector  alignment  in  the  ensemble-mean  distribution. 


t  t  t 


Laser  Sheet 

Figure  2  PIV  photograph  as  viewed  from  the  top,  front  of  the  engine.  The  overlaid  illustration  shows  the  region 
of  study,  shrouded  intake  valve  and  ports. 


37.1.3 


i  1 1 1 1 1 1 1 1 1 1 1  n  1 1 1 1 1  |TTi  1 1 1 1 1  ill  p"T  1 1  m  |  n  1 1 

15  20  25  30  35 


|  1 1 1  1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 |l 1 1 1 1 1 1 1 TiT, . 

-35-30-25-20-15-10-5  0  5  10  15  20  25  30  35-35-30-25-20-15-10-5  0  5  10 
x,  mm  x>  mrri 

a  Instantaneous  -  Instantaneous 


Figure  3  Instantaneous  velocity  distributions  of  two  different  motored  cycles  showing  cyclic  variability  of  the 
swirl  center.  Every  fourth  vector  is  shown. 


This  waviness  is  caused  by  the  superposition  of 
intermediate  scale  structures  (1mm  <  L  <  10  mm) 
associated  with  the  integral  scales  of  the  turbulence. 
These  intermediate-scale  structures  are  revealed  by 
high-pass  filtering  as  described  in  Reuss  et  al  (1989, 
1990),  and  will  be  shown  in  the  results  here.  Smaller- 
scale  structures  (<  1  mm)  are  expected  to  be  present  in 
the  flow,  but  are  not  resolved  due  to  the  1.25  mm 
resolution  of  the  PIV  measurements. 

Images  of  a  single  flame  kernel  8  ca  deg  after 
ignition  (6  ca  BTDC)  are  shown  in  Fig.  4.  These 
images  are  of  the  visible-light  emissions  taken 
simultaneously  with  two  gated,  image-intensified, 
CCD  cameras,  one  viewing  through  the  piston  and  one 
viewing  through  the  quartz  ring.  Fig.  4  shows  that  the 
kernel  is  convected  toward  the  intake  valve,  which 
was  typical  of  all  images  recorded.  This  bias  of  the 
flame  kernel  is  consistent  with  tumble  causing  a 
directed  flow  at  the  spark  plug  that  would  not 
otherwise  exist  in  a  pure  swirling  flow.  The  laser- 
sheet  position  shown  in  Fig.  4  is  a  reminder  that  the 
sheet  shows  a  slice  of  a  complex  three-dimensional 
flame,  and  one  must  be  mindful  of  this  when 
interpreting  the  results. 

2.2  Seeding 

The  particle  seeding  technique  used  in  this  study 
was  the  key  to  making  successful  measurements  in  the 


burned  gas.  Optimum  seed  density  cannot  be 
achieved  simultaneously  in  the  burned  and  unbumed 
gas  because  there  is  a  volumetric  expansion  across  the 
flame  that  is  greater  than  five.  As  a  compromise,  the 


Figure  4  Bottom  and  side  view  images  of  the 
visible-light  emissions  recorded  simultaneously  6 
CA  BTDC  from  a  single  flame  kernel.  The  laser 
sheet  position  (not  present  for  these  photographs)  is 
a  reminder  that  the  velocity  measurements  are  a 
two-dimensional  sample  of  a  three-dimensional 
flame. 
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unbumed  gas  was  over  seeded  to  achieve  particle 
density  in  the  burned  gas  that  is  sufficient  for 
successful  PIV  interrogation.  In  addition,  cross- 
correlation  analysis  was  needed  to  achieve  acceptable 
analysis  of  the  PIV  photographs  in  the  burned-gas 
region. 

The  seeding  criteria  for  successful  measurements 
are  as  follows. 

1)  The  particles  must  follow  the  flow. 

2)  The  particles  must  scatter  enough  light  to  be  visible 
over  the  background  scattering  and  to  be  recorded 
on  film. 

3)  The  particle  concentration  must  be  high  enough  to 
yield  at  least  10  particles  per  interrogation  spot  in 
the  burned  gas. 

4)  The  particle  material  must  survive  the  high 
combustion  temperatures. 

5)  The  particle-scattered  light  must  maintain  the 
polarization  of  the  illuminating  laser  light  as 
required  for  electrooptical  image  shifting  (to  be 
discussed  in  Sec.  2.3). 

The  refractory  particles  used  here  were  added  to  the 
engine-air  flow  employing  a  seeding  technique  used 
by  Witze  and  Baritaud  (1986)  for  LDV.  Four 
disposable  medical  nebulizers  (designed  for 
humidifying  respirators)  were  used  to  atomize  a  slurry 
of  particles  and  water.  The  particle  concentration  in 
the  slurry  is  adjusted  with  the  expectation  that  each 
droplet  will  contain  one  particle  and  thus  the  droplet 
will  evaporate  leaving  one  particle  rather  than  an 
agglomerate.  In  this  study  the  occurrence  of 
agglomeration  was  detected  empirically  by  increasing 
the  particle  concentration  in  the  slurry  until  either  the 
photograph  contained  large  particle  images  or  the 
onset  of  depolarization  of  scattered  light  was 
observed.  As  will  be  described  in  Sec.  2.3,  the  use  of 
a  birefringent  crystal  for  electrooptical  image  shifting 
allows  depolarization  to  be  observed  as  particle 
pairing  while  illuminating  the  particles  with  a  single 
linearly-polarized  laser  sheet.  The  slurry  particle 
concentration  used  for  the  tests  here  is  55  parts 
unpacked-dry-particle  volume  to  45  parts  water 
volume. 

To  assure  homogeneous  mixing  prior  to  entering 
the  intake  plenum,  the  metered  engine  intake  air  was 
split  into  two  streams,  recombined  at  the  base  of  a  “T” 
(thus  impinging),  exited  through  the  third  leg  of  the 
“T”,  and  into  a  tube  with  fully  developed  turbulent 
flow.  The  seeded  flow  from  the  nebulizers  (and 
propane)  was  injected  through  a  small  hole  added  to 
the  centroid  of  the  “T”  fitting  where  mixing  is 
expected  to  be  high.  The  engine-air  flow  was 
desiccated  to  a  dew  point  of  less  than  0  C  prior  to 
seeding  in  order  to  assure  the  evaporation  of  the 
particle  laden  droplets.  The  nebulizer-air  flow  was  not 


metered.  Rather,  the  metered  engine  air  was 
decreased  to  maintain  the  40  kPa  in  the  intake  plenum. 
The  engine-air  flow  was  83  1/s  without  the  seed  and  45 
1/s  with  the  seed,  suggesting  the  total  seed  gas  flow 
(air  and  water)  was  38  1/s.  Based  on  the  number  of 
particle  images  in  the  photographs,  we  estimate  that 
the  seeding  density  was  75  and  15  particles/mm3  in 
the  unbumed  and  burned  gas,  respectively. 

Three  different  polishing  were  tried  for  seeding 
material:  boron  nitride,  titanium  dioxide,  and 
zirconium  oxide.  Nipsil  SS-50  White  Carbon  ( 
Sanbayashi  et  al  (1991)  )  was  tried  as  well.  In  spite 
of  the  small  particle  size  (all  advertised  to  be  less  than 
lpm)  and  attempts  with  very  low  concentration 
slurries,  all  four  powders  are  unusable  because  the 
scattered  light  was  depolarized.  It  is  presumed  that  the 
significant  depolarization  is  a  result  of  the  irregular 
(multifaceted)  shape  inherent  in  polishing  particles. 
Hollow,  spherical  particles  are  used  here  to  minimize 
the  depolarization.  These  particles  are  an  undisclosed 
silica-alumina  alloy  advertised  to  have  a  softening 
temperature  of  1500K  and  a  specific  gravity  of  2.2. 
The  particles  were  classified  and  the  size  distribution 
analyzed  with  a  Coulter  counter.  The  mean  and 
standard  deviation  of  the  number  percent  and  volume 
percent  are  1.6  ±  0.13  pm  and  2.0  ±  0.12  pm, 
respectively,  with  99.5  percent  of  the  particles  less 
than  4  pm  by  volume  and  weight. 

The  response  of  the  particles  to  the  fluid  motion 
was  estimated  using  the  data  of  Haghgooie  et  al 
(1986).  In  that  study  it  was  shown  that  2  pm  alumina 
particles  (at  a  specific  gravity  of  4)  respond  to  2  kHz 
fluctuations  in  air  at  STP.  The  lower  specific  gravity 
of  the  particles  used  in  this  study  (2.2)  and  higher  gas 
density  that  exist  in  the  engine  will  improve  (increase) 
the  particle  frequency  response  compared  to  the 
calculations  in  Haghgooie  et  al  (1986).  Further,  since 
the  spatial  resolution  here  is  on  the  order  of  1  mm, 
only  large-spatial-scale  (low  temporal  frequency) 
fluctuations  are  resolved.  Consequently,  the  better 
than  2  kHz  particle  response  is  considered  adequate. 
Finally,  the  particles  are  assumed  to  have  a  negligible 
effect  on  combustion  since  the  ratio  of  the  particle 
heat  capacity  to  gas  heat  capacity  (assuming  no 
particle-phase  change)  is  estimated  to  be  less  than  10"5 
for  the  75  particles/mm3  particle  density  used  here. 

2.3  The  PIV  Measurements 

The  particles  were  illuminated  with  a  laser  sheet 
that  was  formed  by  superimposing  two  532  nm, 
100  mJ,  cross-polarized,  6  ns  duration,  Nd:YAG  laser 
beams.  The  50  mm  wide  sheet  was  made  narrower 
than  the  possible  70  mm-diameter  field-of-view  to 
increase  the  laser  power  density  and  thereby  increase 
the  particle-scattered  light  intensity.  The  lasers  used 
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Figure  5  Instantaneous  velocity  distributions  showing  the  highest  (a)  and  lowest  (b)  data  rates.  No  vectors  are 
shown  at  the  grid  nodes  where  the  interrogations  were  unsuccessful. 


in  this  study  focus  near  the  test  section  but  at  slightly 
different  longitudinal  positions.  Thus,  the  coincident 
laser  sheets  were  approximately  0.3  mm  and  0.4  mm 
in  the  test  section  based  on  Polaroid-film  bums. 
Operating  with  one  beam  being  thicker  than  the  other 
improves  the  signal-to-noise  ratio  during  the  PIV 
analysis  by  decreasing  out-of-plane  pairing  losses 
caused  by  (1)  out-of-plane  fluid  velocity  and  (2)  shot- 
to-shot  variability  in  the  out-of-plane  beam  positions. 
The  two  lasers  were  Q-s witched  5  ±  0.01  ns  apart. 
The  laser  sheets  were  parallel  to  the  piston  top  and 
6.3  mm  from  the  head,  which  is  the  mid  plane  of  the 
TDC  clearance. 

To  avoid  the  directional  ambiguity  inherent  in 
PIV  with  correlation  analysis,  the  electrooptical  image 
shifting  technique  developed  by  Landreth  and  Adrian 
(1988)  was  used  and  implemented  as  described  in 
Reuss  (1993).  As  implemented,  the  technique 
imparts  an  image  displacement  of  approximately 
0.22  mm  displacement  for  particles  with  zero  velocity. 
Consequently,  positive  and  negative  velocities  add  and 
subtract  from  the  shift  displacement  and  thus  the 


direction  of  the  particle  displacement  (and  therefore 
velocity)  was  known. 

A  large-format  (100  mm  by  125  mm)  film  camera 
with  a  210  mm  focal  length  Nikon  APO  Macor  lens  at 
1:1  magnification  is  used  to  photograph  the  particle 
images.  The  photographs  were  recorded  on  Kodak 
2415  Technical  Pan  film  pushed  to  approximately 
200  ASA  for  increased  sensitivity  and  contrast.  A 
laser-line  optical  filter  with  a  10  nm  band  width  was 
used  to  block  the  flames  visible-light  emissions  and 
particle  incandescence.  Particle-image  sizes  between 
10  and  30  Jim  were  observed.  The  particle  image  size 
is  larger  than  the  particle  size  due  to  the  finite 
diffraction  limit  of  the  lens  and  aberrations  caused  by 
the  filter  and  birefringent  crystal.  The  PIV 
photograph  studied  here  was  taken  at  2  ca  BTDC  with 
the  ignition  timing  at  14  ca  BTDC. 

An  example  photograph  is  shown  in  Fig.  2,  which 
shows  laser  light  scattered  by  the  cylinder  head 
(background  noise)  and  the  particles.  The  background 
scattering  reveals  the  valves,  intake  valve  shroud,  and 
spark  plug.  The  photograph  in  Fig.  2  also  shows  that 
the  region  studied  here  was  a  subregion  of  the 
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photograph  near  the  entrance  side  of  the  laser  sheet. 
The  photograph  could  not  be  analyzed  near  the  side  of 
the  cylinder  where  the  laser  exits  due  to  high 
background  light.  This  was  caused  by  back- 
reflections  (specular)  off  of  the  exit-side  cylindrical 
surfaces  of  the  quartz  ring. 

Image  processing  is  used  to  analyze  the 
photographic  negatives  to  determine  the  particle 
displacement  (and  thus  the  fluid  velocity)  at  each  point 
on  the  0.5  mm-spaced  grid.  A  TSI  Model  6000 
interrogation  system  with  a  cross-correlation 
technique  is  used  (  see  Keane  and  Adrian  (1992)  ). 
The  cross  correlation  is  between  a  1.25  mm  square 
spot  centered  on  each  node  and  a  1.86  mm  square  spot 
centered  at  the  position  equal  to  the  image-shift 
distance  from  the  node.  The  larger  second  area 
significantly  reduces  pair  losses  due  to  in-plane 
displacement  since  almost  all  pairs  from  the  first  spot 
are  captured.  Thus,  the  signal-to-noise  ratio  in  the 
correlation  plane  is  improved. 

After  the  interrogation  of  the  entire  region, 
velocity  vectors  were  validated  using  the  post¬ 
interrogation  refinement  procedure  described  in  Reuss 
et  al  (1989).  The  refinement  rejects  those  vectors 
whose  velocity  magnitude  is  greater  than  ten  percent 
different  from  the  nearest  neighbors  and  thus,  if 
retained,  would  indicate  velocity  gradients  that  are 
larger  than  could  be  reasonable.  In  the  15  photographs 
taken  here,  there  were  85  to  96  percent  valid  vectors. 
Fig.  5a  and  b  are  instantaneous  velocity  distributions 
from  two  different  fired-engine  cycles  showing  only 
the  validated  vectors.  These  distributions  have  the 
highest  and  lowest  data  rates,  respectively  (4%  and 
14%  rejection  rates).  It  can  be  observed  that  the 
regions  of  invalid  vectors  occurred  predominantly  in 
the  burned  gas.  Inspection  of  the  correlation  space 
(not  shown  here)  corresponding  to  the  invalid  vectors 
revealed  that  the  invalid  vectors  are  caused  by  poor 
signal  to  noise.  The  depolarization  problem  identified 
by  Reuss  (1993)  was  present  but  not  dominant. 
Inspection  into  the  corresponding  image  regions 
indicated  low  particle-image  number  density,  on  the 
order  of  twenty  particle  images  per  interrogation  spot. 
Although  this  is  a  lower  number  density  than  achieved 
in  the  consistently  more  successful  motored  PIV 
images  in  Reuss  et  al  (1995),  it  is  not  quantifiably 
different  from  neighboring  image-regions  where  valid 
vectors  were  present.  However,  at  this  low  number 
density  it  is  easy  to  identify  the  number  of  particle 
images  but  hard  to  identify  image  pairs.  We 
hypothesize  that  regions  of  low  data  rates  are  caused 
by  poor  correlation  due  to  insufficient  particle  pairing. 
This  is  consistent  with  the  fact  that  the  use  of  cross 
correlation  analysis  reduced  the  number  of  invalid 
vectors.  We  further  speculate  that,  having  gone  to 


cross-correlation,  out-of-plane  motion  is  the  dominant 
cause  of  unpaired  particles.  This  hypothesis  is 
consistent  with  the  fact  that  the  0.3  to  0.4  mm  laser 
sheet  thickness  is  small  compared  to  the  1.25  mm 
interrogation  spot  thickness  required  to  capture  the  in¬ 
plane  motion.  Decreased  laser-pulse  separation  did 
improve  data  rates,  but  at  the  expense  of  velocity 
resolution.  Attempts  to  further  test  this  hypothesis  by 
using  a  region  of  the  laser  sheet  that  is  significantly 
thicker  failed  due  to  insufficient  laser  energy  and  due 
to  poor  laser-beam  transformation.  A  thicker  higher- 
energy  laser  pulse  would  have  two  effects.  First,  it 
would  decrease  the  out-of-plane  pair  losses.  Second, 
it  would  increase  the  total  number  of  image  pairs  in  an 
interrogation  spot  (due  to  the  larger  illuminated 
volume)  without  having  to  further  increase  the  seeding 
density  in  the  gas. 

2.4  Flame  Position  Identification  and  Conditional 
Sampling 

To  identify  the  burned-  and  unbumed-gas 
regions,  it  is  necessary  to  identify  and  mark  the  flame 
position  in  each  velocity  distribution.  It  is  natural  to 
return  to  the  corresponding  PIV  photographs  and 
determine  the  flame-position  coordinates  by  marking 
the  position  of  the  change  in  light  scattering  as  was 
done  in  zur  Loye  and  Bracco  (1987).  In  that  work,  the 
large  seeding  density  (many  particles  per  imaging 
pixel)  produced  a  nearly  binary  light-intensity 
distribution  with  a  uniformly  high  scattered-light 
intensity  in  the  unbumed  region  and  a  uniformly  low 
intensity  in  the  burned  gas.  As  a  result,  the  flame 
position  was  marked  unambiguously. 

In  this  study  the  flame  position  in  the 
photographic  images  is  less  apparent  because  the 
seeding  density  is  optimized  for  PIV  analysis  rather 
than  for  flame  imaging  as  in  zur  Loye  and  Bracco 
(1987).  As  a  result,  the  PIV  photograph  consists  of 
spatially  separated  individual  “bright”  particle  images 
in  a  relatively  dark  field  both  in  the  burned  and 
unbumed  regions.  Thus,  the  image  intensity  in  the 
burned  and  unburned  regions  is  not  uniform,  but 
rather  it  differs  by  the  relative  number  density  of 
individual  particles.  The  result  is  that  the  image 
contrast  between  the  burned  and  unbumed  regions  is 
poor  compared  to  that  in  zur  Loye  and  Bracco  (1987). 
This  can  be  observed  in  Fig.  6a,  which  shows  an 
enlargement  of  the  region  of  study.  To  acquire  this 
image,  the  PIV  photographic  negative  (at  1:1 
magnification  image  of  the  object  space  in  the  engine) 
was  scanned  with  a  resolution  of  12  pixels  per  mm. 
Also,  the  brightness  and  contrast  of  the  scanned  image 
were  adjusted  with  image  processing  to  make  the 
flame  boundary  between  the  burned  gas  (low  seeding 
density)  and  unburned  gas  (high  seeding  density) 
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Figure  6  Image  enhanced  PIV  photograph  (a)  without  and  (b)  with  manually  drawn  flame  position. 
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more  apparent  to  the  eye  as  well  as  more  suitable  for 
publication.  After  this  image  processing,  it  is  possible 
to  discern  the  burned  gas  region  on  the  largest  scales. 
However,  careful  inspection  of  the  boundary  between 
the  burned  and  unbumed  regions  reveals  that  it  is  still 
difficult  to  clearly  identify  a  well-defined  position  or 
“edge”  between  the  two  regions.  An  attempt  to  find 
an  automatic  image-processing  algorithm  to  define  the 
boundary  between  the  unburned  and  burned  regions 
was  abandoned. 

In  lieu  of  an  automatic  image-processing 
algorithm,  the  flame  position  was  traced  manually 
using  the  Microsoft  Powerpoint  drawing  tool  on  a  bit 
map  of  the  scanned  negative.  An  overlay  of  a  hand- 
drawn  flame  is  shown  in  Fig.  6b.  The  image 
coordinates  were  carefully  registered  and  converted  to 
the  [x,y]  coordinates  of  the  PIV  interrogation  grid  and 
the  flame  position  overlaid  on  the  velocity- 
distributions  as  shown  in  Fig.  7b.  The  error  in  the 
flame  position  based  on  boundary  ambiguity  is 
estimated  to  be  about  0.2  mm  in  most  regions  with 
occasional  position  errors  as  large  as  0.5  mm.  This  is 


considered  adequate  for  the  1 .25  mm  resolution  of  the 
velocity  scales  and  0.5  mm  grid  used  in  this  study. 

In  addition  to  marking  the  flame  position  in  the 
velocity  distributions,  the  image  processing  is  used 
here  to  identify  subregions  of  the  vorticity  and  strain- 
rate  distributions  for  conditional  sampling.  In 
particular,  a  flag  (zero  or  one)  is  assigned  to  each  PIV 
grid  node  to  indicate  if  it  is  in  the  burned  or  unbumed 
region.  As  a  third  condition,  nodes  within  1  mm  of 
the  flame  are  identified.  PDF’s  are  then  computed 
from  these  subsamples  and  used  to  quantify  visual 
observations. 

3.  RESULTS 

This  section  presents  several  hypotheses 
concerning  flame/flow  interaction.  The  suppositions 
were  formulated  after  observing  the  distributions  of 
instantaneous  velocity,  high-pass  filtered  velocity, 
vorticity  and  strain-rates  for  all  fifteen  of  the 
realizations  recorded  in  this  study.  The  hypotheses 
are  presented  here  using  distributions  from  a  single 
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Figure  7  Instantaneous  velocity  measurements  from  photograph  in  Figure  6,  (a)  with  and  (b)  without  flame 
position.  7c  and  d  show  the  mean  and  an  instantaneous  distribution  for  the  same  region  of  study  from  the 
motored  tests  in  Reuss  et  al  (1995).  Every  second  vector  is  shown. 


m 


a  Instantaneous 


b  10  mm  High-Pass  Filtered 


10  m/s 

WM  '  '  t  - - 

\\\\''  ;  ,,yy/y _ _ 

VV\\\^  /  /  -  -~*****'"'f 

^  V  \  \  \  \  t4*  +  +  *  *  ^ ^ ^ ^ 

\  \  \  \  \  X  ^  y  j  t  4  4  4  4  y  y  y  y  y  y  y 

\  \  \  \  'X'*-^'  y  y  y  , 14  /  y  y  y  y  S  S  S  ^  y 

\\A\X^  _ y  !  /  ,  ,  y //Vy - 

\XXX' -  .  ,  y - .  /  /  y  y - 

\\V\SV'-  ^,,yyyyyyy - - 

X  X\N\X-~-  1'  y  y  ///*** - - 

VXXXXX^  „  t,y/////y - 

>  X  X  x  X  X  '  ■“*•*•  ^sS//  /  y  y  y  y  . 

1  W'"’”‘"  yyy,// y  /  y  ,  y 
"v  _ y  y  y  - 


4  m/s 

•  "  !  I  \  X  ~  y//  f  /  ^  \\\  ^  y  y  y  y/<yf 

♦  uvnv  -,  „] //,  Vx 

yyy»^»sk'''>'-^v';  ^  r  -  1  y  V' 

S.OirTi 


'  '  0  '/  \V  '  '  '  ' 

_  ^  y  _  t  t  *  y  i\\\x.' 

S  /  t  1  l  .  .  1  1  t  y 


x  U\^i ; » !  vr: 


r  \  i  k 

'  -y  /  '  /  /  X  >■*■/  t  *•  *  ' 


x,  mm 

c  Instantaneous 


x,  mm 


d  10  mm  High-Pass  Filtered 


Figure  8  The  instantaneous  velocity  (a  &  c)  and  high-pass  filtered  (10  mm)  velocity  (b  &  d)  of  two  subregions 
in  Fiaure  7b.  All  vectors  are  shown. 


realization  to  avoid  an  unreasonably  large  number  of 
figures.  The  hypotheses  are  based  on  qualitative 
observations  and  conditionally  sampled  PDF’s. 

3.1  Instantaneous  Velocity  Measurements 

It  is  natural  to  first  look  at  the  instantaneous 
velocity  ahead  and  behind  the  flame  (unbumed  and 
burned  gas,  respectively).  The  instantaneous  velocity 
distribution  corresponding  to  the  PIV  photograph  in 
Fig.  6  is  given  with  and  without  the  flame  image  in 
Figs.  7a  and  b,  respectively;  only  every  second  vector 
is  plotted  for  clarity.  This  comparison  with  and 
without  the  flame  image  is  shown  to  demonstrate  that 
there  are  no  obvious  flow  features  in  the  instantaneous 
velocity  distribution  to  mark  the  flame  position. 
However,  it  can  be  observed  that  the  velocity 
magnitude  in  the  burned  gas  is  generally  smaller  than 
in  the  unbumed  gas.  To  assess  if  this  is  an  effect  of 
combustion  or  a  feature  of  the  motored  flow,  the 
instantaneous  velocity  in  the  burned  gas  can  be 
compared  with  the  motored  ensemble-mean  velocity 
(100  cycle  mean)  and  randomly  chosen  motored, 
instantaneous-velocity  distributions  shown  in  Figs.  7c 
and  d,  respectively.  Note  that  all  four  distributions  in 
Fig.  7  have  the  same  velocity  scaling.  As  might  be 
expected,  the  ensemble-  and  instantaneous-velocity 
magnitude  is  smaller  near  the  center  of  the  swirl, 
which  is  coincident  with  the  geometric  center  of  the 
cylinder  (  [x,y]  =  [0,0]  ).  However,  the  velocity 
magnitude  in  the  burned  gases  (Fig.  7b)  near  the  upper 
right  had  comer  of  the  region  (  [x,y]  =  [5,-20]  to 
[15,0]  )  has  decreased  considerably.  This  is  expected 
since  the  gas  expansion  across  the  flame  opposes  the 
forced-convective  (motored)  flow  in  this  region. 
Notwithstanding,  there  are  remnants  of  the  original 
swirling  flow  in  the  burned  gas  as  indicated  by  the 
direction  of  the  flow. 

3.2  Turbulence  Visualization 

The  intermediate  length-scale  turbulence 
(1.25  mm<L<  10  mm)  in  the  instantaneous-vector 
distributions  reveals  itself  as  waviness  in  the  vector 
alignment  compared  to  the  nearly  circular  vector 
alignment  in  the  ensemble-mean  distribution  (cf.  Figs. 
7a  and  c).  This  turbulence  is  the  superposition  of  the 
intermediate  length-scale  coherent  structures  with  the 
large-scale  swirl  structure.  It  is  possible  to  visualize 
the  coherent  structures  of  the  turbulence  using  the 
high-pass  spatial-filtering  technique  employed  by 
Reuss  et  al  (1990).  This  is  shown  in  Fig.  8  for  two 
expanded  regions  (every  vector  plotted)  of  Fig.7b. 
Figs.  8a  and  c  show  the  instantaneous  velocity 
distributions,  and  Figs.  8b  and  d  show  the  high-pass 
filtered  velocity  distributions.  The  high-pass  filtered 
velocity  distributions  are  attained  through  a  two  step 


operation.  First,  the  local  average  of  the  instantaneous 
velocity  centered  at  each  grid  node  is  computed  by 
convolution  of  the  instantaneous  velocity  distribution 
with  a  Gaussian-weighting  function.  Here  the 
Gaussian  weighting  is  10  mm  at  the  1/e2  point. 
Second,  this  local-average  velocity  (low-pass  filtered 
velocity,  u]p)  is  subtracted  from  the  instantaneous 
velocity,  u,  leaving  the  high-pass  filtered  velocity, 
uhp  =  u  —  uip.  Thus,  the  high-pass  filtered  velocity  is 
the  velocity  observed  from  a  Lagrangian  frame  of 
reference  where  the  observer  is  moving  at  the  local 
spatial-average  instantaneous  velocity  of  the  large- 
scale  swirl  flow. 

Inspection  of  the  velocity  distributions  in  Fig.  8 
reveals  that  the  high-pass  filtered  distributions  show 
coherent  structures  at  this  length  scale.  Using  the 
labels  of  Hunt  et  al  (1988),  it  is  possible  to  identify 
eddies  (e.  g.,  rotational  structures  at  [x,y]  =  [-4,-10], 
[-12,-10],  and  [2,-20]  )  and  streaming  flows  at  [x,y]  = 
[-12,-4],  [-11,-14],  and  [10,  -21].  Note  that  the 
coherent  structures  are  visible  in  both  the  burned-  and 
unbumed-gas  regions.  As  noted  in  Reuss  et  al 
(1989),  the  spatial  scale  of  these  structures  is 
consistent  with  the  turbulence  integral-length  scale 
measured  with  LDA  in  engines  of  similar  geometry. 
The  appearance  of  these  coherent  structures  has  two 
implications.  First,  experience  has  demonstrated  that 
PIV  experiments  configured  with  insufficient  velocity 
dynamic  range  result  in  high-pass  filtered  velocity 
distributions  with  random  vectors  rather  than  coherent 
structures  as  observed  here.  Thus,  the  appearance  of 
the  coherent  structures  in  the  burned  gas  is  taken  as 
evidence  that  the  accuracy  of  the  measurements  in  the 
burned  gas  is  sufficient  to  resolve  the  intermediate 
scale  structures  with  approximately  the  same  accuracy 
as  measurements  in  motored  and  unbumed  flows.  The 
second  implication  is  that  it  is  possible  to  measure  and 
visualize  the  flow  structures  that  affect  the  flame 
wrinkling.  For  example,  in  comparison  to  the 
instantaneous  velocity,  observations  along  the  flame 
in  the  high-pass  velocity  distribution  reveal  streaming 
structures  that  correlate  with  the  wrinkling.  The  most 
obvious  correlation  is  for  the  streaming  structures  at 
[x,y]  =  [-13,-4],  [-11,-14]  and  [10,-21],  It  is  not 
obvious  that  eddies  directly  affect  the  flame  wrinkling 
since  the  flame  wraps  around  but  does  not  appear  to 
propagate  through  the  vortex  structures.  Speculating, 
the  three  dimensional  vortex  tubes  producing  the 
eddies  observed  in  these  two-dimensional 
measurements  act  to  create  the  streaming  flows  in 
between  the  vortex  tubes;  the  flame  is  then  convected 
by  the  streaming  flows  between  the  eddies  rather  than 
burning  through  the  eddies.  This  is  supported  by  the 
streaming  flow  at  [-11,-14]  that  appears  to  be  formed 
between  the  three  eddies  centered  at  [-8,-15],  -12,-1 1] 
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Fiqure  9  (a)  The  two-dimensional  kinetic  energy  (Vzu’2  +  Vz  v’2)  based  on  fluctuations  about  the 
ensemble  average  of  100  motored  cycles.  The  flame  studied  here  is  superimposed  to  show 
relative  position.  Figures  b,  c,  and  d  are  the  vorticity,  normal-  strain  rate,  and  shear-strain  rate 
computed  from  the  instantaneous-velocity  distribution  in  Figure  7a. 


37.1.12 


and  [-4,-11]  and,  in  turn,  appears  to  be  stretching  the 
flame  to  be  convex  with  respect  to  the  unbumed  gas. 
This  supposition  cannot  be  considered  universally  true 
since  it  is  based  on  observations  of  only 
15  realizations  and  only  one  operating  condition. 
Nonetheless,  observations  of  the  high-pass  filtered 
distributions  make  two  points.  First,  u’,  the  traditional 
turbulence  measure,  is  a  random  sampling  of  coherent 
structures  in  the  burned  gas  as  suggested  in  the 
introduction.  Second,  the  flow-direction  and  spatial 
scale  of  the  coherent  structures  appears  to  correspond 
to  the  flame  wrinkling. 

3.3  Turbulence  Characterization 

To  determine  the  effect  of  the  flame  on  the  in¬ 
cylinder  turbulence,  it  is  of  interest  to  compare 
distributions  of  turbulence  kinetic  energy,  KE, 
vorticity,  W[,  and  strain-rate,  ey  ,  from  both  motored 
and  fired  conditions.  However,  at  this  time  KE  from 
the  motored  flow  and  wi5  and  ey  from  fired  condition 
are  all  that  are  available  for  comparison.  Thus,  we 
proceed  with  a  qualitative  comparison  recognizing  that 
KE  is  based  on  u’,  the  random  sample  of  velocity 
fluctuations  about  the  ensemble  mean,  while  w„  and  ey 
are  direct  measures  of  the  fluid  deformation  due  to 
turbulence  from  single  realizations.  For  this 
comparison,  the  motored-engine  KE  distribution  from 
Reuss  et  al  (1995)  is  repeated  In  Fig.  9a  for  the  region 
of  the  cylinder  studied  in  these  fired  tests  with  the 
flame  position  superimposed.  Fig.  9a  shows  that  in 
the  absence  of  combustion  the  turbulence  is  very  high 
in  the  cylinder  center  (  [x,y]  =  [0,0]  ),  low  near  the 
wall,  and  has  a  relatively  steep  gradient  between  the 
high-  and  low-turbulence  regions  (at  a  radius  between 
20  and  25  mm).  Fig.  9a  shows  that  the  flame  at 
2  ca  BTDC  has  propagated  just  to  the  edge  of  the  high 
turbulence  KE  region. 

The  vorticity,  w2,  ahead  and  behind  the  flame  is 
shown  in  Fig.  9b.  It  can  be  observed  that  the 
unbumed  gas  has  predominately  positive  vorticity  as 
indicated  by  the  predominately  light  regions.  This 
trend  is  consistent  with  the  dissipation  of  large-scale 
gradients  in  the  large  scale  swirl  structure,  which  has 
positive  circulation.  By  comparison,  the  burned  gas 
vorticity  has  a  more  equal  balance  of  positive  (light 
regions)  and  negative  vorticity  (dark  regions)  and  the 
magnitude  of  the  negative  vorticity  is  much  greater 
than  that  in  the  unburned  gas.  This  trend  was 
observed  in  ail  15  realizations  captured  in  this  study. 
This  observation  provided  the  motivation  for 
measuring  the  conditionally  sampled  PDF’s  shown  in 
Figs.  10a  and  b  for  the  unbumed-  and  burned-gas 
regions,  respectively.  Comparison  of  Figs.  10a  and  b 
at  wz  -  -2000  1/s  demonstrates  that  indeed  there  is 
more  negative  vorticity  in  the  burned  gas.  Further,  the 


vorticity  distributions  are  approximately  symmetric 
with  the  peak  of  the  bumed-gas  PDF  shifted  towards 
zero  (also  compare  the  mean  values)  indicating  a  more 
equal  distribution  of  positive  and  negative  vorticity  in 
the  burned  gas.  In  the  absence  of  any  knowledge 
about  the  motored  flow,  one  might  assume  that  the 
flame  has  indeed  affected  the  vorticity  behind  the 
flame.  However,  the  flame  position  in  Fig.  9a  shows 
that  the  burned  gas  is  in  the  high  KE  region  of  the 
motored  flow  and  the  unbumed  gas  is  predominately 
in  the  low  KE  region.  Thus,  one  might  speculate  that 
the  flame  is  behaving  as  a  passive  scalar  and  the 
differences  in  the  burned  and  unburned  gas  vorticity 
may  be  the  result  of  the  vorticity  in  the  forced- 
convective  motored  flow.  This  supposition  is  weakly 
supported  by  the  coincidence  of  high  negative 
vorticity  in  the  fired  cycle  and  high  motored  KE  in  the 
region  [x,y]  =  [-15,-20]  to  [-8,2]  (upper  left  hand 
comer),  which  is  in  the  unbumed  gas  region. 

Figures  9c  and  d  show  the  distributions  of  the 
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b)  Burned  gas. 

Figure  10  Conditionally  sampled  PDF’s  of  the 
vorticity  in  Fig.  9b. 
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sum  of  the  normal-strain  rates  (en  +  e 22 )  and  the 
shear-strain  rate  (e^).  The  spatial  scale  of  the 
structures  are  approaching  the  spatial  resolution  of  the 
measurements,  and  thus  serve  as  a  reminder  that 
measurements  with  smaller  spatial  resolution  are 
desired.  Unlike  the  vorticity  distribution,  visual 
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Figure  11  Conditionally  sampled  PDF’s  of  the 
normal  strain  in  Fig.  9c 


inspection  of  the  normal-  and  shear-strain-rate 
distributions  does  not  reveal  that  the  structures  are 
obviously  different  ahead  and  behind  the  flame. 
However,  careful  observation  while  following  along 
the  flame  reveals  that  the  normal-strain  rates  are 
predominately  positive  adjacent  to  the  flame.  The 
later  observation  is  physically  consistent  with  the  high 
rates  of  heat  release  in  the  flame.  In  fact,  normal- 
strain  was  found  to  be  a  useful  flame  marker  for  the 
two-dimensional,  wrinkled,  laminar  flames  studied  by 
Mueller,  et  al  (1996,  1998).  To  test  the  validity  of 
these  observations,  PDF’s  sampled  in  the  burned-gas, 
the  unburned- gas  and  the  region  within  ±1  mm  of  the 
flame  are  shown  in  Figs.  11a  through  c,  respectively. 
Looking  first  at  the  unbumed-gas  PDF  (Fig.  1  lb),  it 
appears  nearly  symmetric  with  a  mean  of  140.  By 
comparison,  the  burned-gas  PDF  (Fig.  1  la)  has  shifted 
towards  positive  values  with  a  mean  of  490  apparently 
caused  by  the  larger  number  of  occurrences  of  positive 
strain  rate  between  0  and  4000  1/s.  Thus,  the  PDF  has 
shown  regional  differences  not  readily  apparent  from 
observations  of  the  plotted  distribution.  The  normal- 
strain-rate  PDF  sampled  within  a  1  mm  of  the  flame 
(Fig.  11c)  shows  a  more  dramatic  affect.  Clearly  the 
peak  has  shifted  in  the  positive  direction  compared  to 
the  general  population  in  the  unbumed  gas.  Further, 
the  distribution  has  skewed  significantly  towards 
positive  values  with  a  significant  increase  in  the 
number  of  occurrences  between  1000  and  5000  1/s. 

In  the  case  of  the  shear  strain  there  are  no  obvious 
differences  between  the  unbumed-  and  burned-gas 
regions,  either  observed  in  the  distributions  or  in  the 
PDF’s.  The  PDF  for  the  entire  region  (burned  and 
unbumed  gases)  in  Fig.  12.  However,  the  distribution 
does  show  a  considerably  narrower  distribution  when 
compared  with  the  vorticity  or  normal-strain  rates, 
(compare  the  standard  deviations  in  Figs.  10 
through  12) . 

The  observations  described  here  are  insightful  as 
a  first  step  and  raise  interesting  questions  concerning 
the  nature  of  flow  and  combustion  in  this  high-swirl 
in-cylinder  RIC  engine.  In  particular,  what  is  the  link 
between  u’,  the  traditional  measure  of  turbulence,  and 
the  direct  measures  of  the  turbulence  fluid 
deformation  (it  is  interesting  that  the  highly-directed 
swirling  flow  has  large-scale  inhomogeneity  in  the 
vorticity  and  normal  strains  while  the  shear  strain  is 
relatively  homogeneous)?  Two  more  questions  arise 
concerning  the  physics  of  the  flame/flow  interaction. 
In  particular,  is  the  flame  behaving  as  a  passive  scalar 
leaving  the  turbulence  relatively  unaffected,  and  does 
the  flame  propagate  preferentially  around  rather  than 
through  the  vorticity?  Investigation  of  these  questions 
requires  analysis  and  comparisons  of  much  larger 
samples  under  a  larger  variety  of  operating  conditions. 
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Figure  12  PDF  of  shear  strain  in  the  unburned  and 
burned  sas  of  Fis.  9d. 

Even  then,  analysis  is  particularly  difficult  both 
because  these  PIV  measurements  provide  only  two- 
dimensional  samples  of  three-dimensional  structures, 
and  because  no  two  realizations  are  the  same,  which 
renders  it  impossible  to  compare  motored  and  fired 
cycles  directly.  However,  the  conditionally  sampled 
PDFs  do  provide  a  tool  for  comparative  analysis. 

4.  SUMMARY 

Particle  image  velocimetry  has  been  used  for 
simultaneously  measuring  the  velocity  ahead  and 
behind  a  flame  in  a  RIC  engine.  Electro-optical  image 
shifting  was  employed  to  remove  the  directional 
ambiguity  and  a  spatial  resolution  of  1.25  mm  was 
achieved.  The  techniques  required  to  make  these 
measurements  successful  are  described.  We  deduce 
that  the  data  rates  in  the  burned  gas  could  be  improved 
by  using  thicker  higher-energy  laser  sheets. 

Fifteen  realizations  of  the  in-cylinder  turbulence 
were  recorded  at  either  2  or  4  ca  BTDC.  However,  the 
results  from  only  one  realization  are  shown  in  order  to 
maintain  a  manageable  amount  of  information.  Visual 
observations  of  the  instantaneous  velocity,  filtered 
velocity,  vorticity  and  strain-rate  distributions  provide 
insight  into  the  interaction  of  the  flame  and  the  flow. 
First,  the  high-pass  filter  distributions  show  that  u\ 
the  traditional  turbulence  measure,  is  a  random 
sampling  of  coherent  structures  in  the  burned  gas. 
This  is  an  expected  result,  but  none  the  less  an 
affirmation  of  what  was  known  to  be  true  in  non¬ 
engine  flows,  motored-engine  flows,  and  the  unbumed 
gas  of  a  fired  engine.  Second,  the  gas  expansion 
caused  by  the  flame  decreased  the  magnitude  of  the 
swirling-flow  velocity  in  the  burned  gas  region  as  one 
might  expect.  Third,  the  flow  direction  of  coherent 
structures  revealed  in  the  high-pass-filtered  velocity 


distribution  show  a  strong  correspondence  with  the 
flame  wrinkling,  although  the  flame  appears  to 
propagate  around  rather  than  through  eddy  structures. 
Fourth,  the  length  scales  of  the  vorticity  appear  to  be 
the  same  size  as  the  length-scales  of  the  flame 
wrinkling. 

Observations  and  conditionally  sampled  PDFs  of 
the  vorticity  and  strain-rate  distributions  showed 
large-scale  inhomogeneity.  In  particular,  the  vorticity 
ahead  of  the  flame  had  a  positive  bias  compared  to  the 
burned  gas  region.  The  normal-strain  rates  show  a 
positive  bias  behind  and  especially  near  the  flame, 
which  is  consistent  with  the  thermal  expansion  of  heat 
release.  Finally,  the  shear-strain  rate  appeared  to  be 
homogeneous,  with  a  symmetric  and  considerably 
narrower  PDF  when  compared  to  the  vorticity  and 
normal  shear. 

The  restricted  focus  of  this  paper  has  been  to 
demonstrate  the  new  information  that  can  be  provided 
in  preparation  for  a  more  comprehensive  treatment. 
We  caution  that  the  observations  can  not  be 
considered  universal  since  they  are  made  for  only 
fifteen  realizations  at  one  operating  condition  in  one 
engine  geometry.  In  fact,  no  more  than  fifteen 
realizations  were  recorded  due  to  the  difficulty 
producing  PIV  photographs  with  acceptable  data  rates 
in  the  burned  gas.  We  believe  we  have  sufficient 
evidence  to  indicate  this  difficulty  occurred  because 
the  laser  sheets  were  too  thin.  Thus,  there  is  a  danger 
of  bias  since  we  might  have  recorded  only  realizations 
with  small  out-of-plane  motion.  None  the  less,  this 
work  demonstrates  a  technique  for  recording  two- 
dimensional  velocity  distributions  in  RIC  engines, 
suggests  methods  for  improved  experiments,  and 
provides  direction  for  future  studies. 
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In-cylinder  Measurements  of  Mixture  Composition  for  Investigation  of 

Residual  Gas  Scavenging 

P.  Miles 


ABSTRACT 

Laser  Raman  scattering  with  broadband  signal 
detection  is  employed  to  simultaneously  measure  the 
mole  fractions  of  C02,  02,  N2,  C3H8,  and  H20  under 
conditions  simulating  a  cold  start.  The  engine  is 
operated  with  well-premixed  fuel  and  air,  such  that 
each  of  the  measured  species  can  be  used  to 
independently  estimate  the  mole  fraction  of  burnt 
residual  gases.  The  residual  gas  mole  fraction 
estimates  are  subsequently  examined  for  consistency 
and  for  evidence  of  poor  scavenging  of  H20  due  to 
condensation  on  the  cold  combustion  chamber  walls. 
The  data  indicate  that  if  this  mechanism  inhibiting 
H20  scavenging  is  operative,  it  results  in  H20  number 
densities  which  are  only  10-15%  higher  than 
expected.  It  is  suggested  that  these  higher  than 
expected  levels  of  H20  may  be  associated  with  Raman 
scattered  light  from  condensate  films  on  the  windows. 
Raman  scattering  techniques  using  backscatter  collec¬ 
tion  geometries  are  expected  to  be  more  sensitive  to 
light  scattered  from  condensate  films,  which  may 
explain  previously  measured  high  H20  mole  fractions. 

1.  INTRODUCTION 

A  number  of  studies  have  shown  that  a  significant 
fraction  of  the  unburned  hydrocarbon  (UHC) 
emissions  from  spark  ignition  engines  occur  during 
the  warm-up  period  following  a  cold-start  (e.g. 
Takeda,  et  al. ,  1995).  Directly  or  indirectly,  the 
majority  of  these  disproportionate  emissions  can  be 
traced  to  a  single  common  factor:  cold  surfaces  in  the 
combustion  chamber  and  intake  ports.  Cold 
combustion  chamber  surfaces  result  in  increased  flame 
quenching  within  the  combustion  chamber,  while  cold 
surfaces  in  the  intake  port  and  valve  region  lead  to 
slow  or  insufficient  fuel  vaporization.  Poor  fuel 
vaporization,  in  turn,  results  in  gas  phase  air/fuel 
ratios  above  the  flammability  limit  (with  subsequent 
misfire)  and  in  partial  burning  associated  with  mixture 
inhomogeneities.  Dilution  of  the  charge  with  burnt 
residuals  can  exacerbate  each  of  these  factors;  a  dilute 
mixture  is  more  susceptible  to  flame  quench  and  has  a 
narrower  range  of  inflammable  air/fuel  ratios. 

Recently,  Griinefeld,  et  al.  (1995)  suggested 
another  mechanism  by  which  cold  surfaces  might 
affect  cold-start  engine  operation  and  emissions.  In 


their  study,  which  employed  laser  Raman  scattering  to 
measure  the  in-cylinder  gas  composition  during  a  cold 
start  simulation,  high  instantaneous  values  of  residual 
water  content  were  observed  (between  5  and  6%), 
which  correspond  to  a  residual  gas  content  of  roughly 
40%.  Based  on  the  simultaneously  measured  02  gas 
densities,  a  residual  gas  content  of  only  half  that 
corresponding  to  the  water  content  was  deemed  more 
probable.  The  suggestion  was  made,  therefore,  that 
the  residual  water  content  may  not  be  a  reasonable 
marker  of  the  total  residual  gas  content,  due  to  the 
possibility  of  preferential  scavenging  of  the  different 
residual  gas  species.  In  this  preferential  scavenging 
scenario,  water  vapor  condenses  on  the  cold 
combustion  chamber  walls  during  the  expansion  and 
exhaust  stroke  (while  N2  and  C02  do  not),  and  re¬ 
enters  the  gas  phase  through  vaporization  during  the 
subsequent  compression  stroke.  Corroborating  this 
idea  of  a  preferential  scavenging  mechanism  was  the 
observation  that  the  scavenging  of  the  residual  water 
vapor  when  misfires  occurred  was  5—10  times  slower 
than  expected.  It  was  concluded  that  charge  dilution 
by  residual  gases,  particularly  the  slowly  scavenged 
H20,  was  a  major  cause  of  misfire  and  of  increased 
UHC  emissions  during  cold-start  and  warm-up. 

The  experimental  system  used  in  the  above- 
referenced  study,  however,  may  be  susceptible  to 
interferences  caused  by  the  back-scatter  collection 
geometry  employed.  The  cause  of  this  potential 
interference  can  be  understood  by  recognizing  that  the 
incident  laser  beam  will  scatter  Raman-shifted  light 
from  any  films  of  fuel  or  combustion  products  which 
condense  on  the  beam  entrance  or  exit  windows.  A 
film  thickness  on  the  beam  entrance  and  exit  windows 
of  roughly  1.3  /rm  would  be  sufficient  to  double  the 
measured  H20  content.  Furthermore,  the  energy 
required  to  vaporize  these  films  can  be  shown  to  be 
greater  than  the  laser  pulse  energy,  such  that  window 
‘cleaning’  by  the  laser  pulse  is  not  possible.  Thus,  in  a 
backscatter  geometry,  condensate  films  not  only 
attenuate  the  scattered  light  from  the  gas  phase 
mixture,  but  may  also  contribute  sufficient  signal  to 
invalidate  measurements  of  the  gas  phase  species. 

In  this  paper  the  in-cylinder  residual  gas  content 
under  simulated  cold-start  conditions  is  revisited  using 
a  similar  Raman  scattering  technique.  An  alternate 
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incident  beam.  With  this  geometry,  light  scattered 
from  films  on  the  beam  entrance  and  exit  windows  is 
not  in  the  direct  view  of  the  collection  optics,  and 
does  not  contribute  directly  to  the  measured  signal. 
Furthermore,  in  this  work  the  engine  is  fueled  with 
gaseous  propane,  which  is  well  pre-mixed  with  the 
combustion  air.  Under  these  circumstances,  each  of 
the  measured  (non-Nitrogen)  major  species,  C02,  02, 
C3H8,  and  H20,  can  be  used  to  estimate  the  residual 
gas  content.  The  various  residual  gas  estimates  can  be 
examined  for  consistency  and  thus  for  evidence  of  the 
existence  of  preferential  scavenging  of  the  different 
residual  gas  components. 

2.  FUNDAMENTAL  PHYSICS 

Vibrational  Raman  scattering  is  an  inelastic  scattering 
process  in  which  there  is  a  net  exchange  of  energy 
between  the  incident  light  and  the  scattering  molecule. 
In  this  exchange,  the  change  in  vibrational  energy  of 
the  participating  molecule  equals  the  change  in  energy 
of  the  scattered  light.  Because  the  quantized 
vibrational  energy  states  available  to  each  molecule 
are  unique,  the  change  in  energy  of  the  molecule  (and, 
thus,  the  change  in  energy,  or  wavelength,  of  the 
scattered  light)  can  be  used  to  identify  the  scattering 
molecular  species.  By  collecting  scattered  light  over  a 
broad  band  of  wavelengths,  and  subsequently 
dispersing  this  light  onto  a  multi-channel  detector, 
multiple  species  can  be  monitored  simultaneously. 

The  energy  of  the  scattered  light  from  species  i, 
Exa  ,  is  given  by  (Eckbreth,  1996) 

(1) 

where  denotes  the  laser  pulse  energy,  (da/ dQ),^ 
the  differential  scattering  cross-section  of  the  i" 
species,  N,  the  molecular  number  density,  Q  the 
solid  angle  subtended  by  the  collection  optics,  l  the 
length  of  the  beam  from  which  scattered  light  is 
collected,  and  77,  the  efficiency  of  the  optical  system. 
From  Eq.  1,  it  is  seen  that  the  signal  is  directly 
proportional  to  A, ,  provided  the  differential  scattering 
cross-section  is  constant.  In  practice,  (da/  dQ\  is  a 
function  of  temperature;  however,  for  the  limited 
temperature  range  considered  here  this  temperature 
dependence  is  small  and  is  neglected. 

By  forming  a  ratio  of  the  signals  collected  from 
each  species  i  to  the  weighted  sum  of  the  signals  from 
the  major  species,  it  is  possible  to  determine  the 
species  mole  fraction  independent  of  such  parameters 
as  instantaneous  laser  power  or  77.  (which  may  be 
affected  by  such  factors  as  window  fouling).  The 


weighting  factors,  which  represent  the  signal  obtained 
per  molecule  of  species  i  relative  to  the  signal 
obtained  per  N2  molecule,  are  obtained  by  calibration. 

3.  EXPERIMENTAL  APPARATUS 

Measurements  reported  here  are  obtained  in  the 
Sandia  side-valve  engine,  which  is  pictured  in  Fig.  1. 
The  side-wall  location  of  the  valves  in  this  engine 
allows  unimpeded  optical  access  to  the  combustion 
chamber  through  a  large  window  in  the  head.  The 
intake  valve  can  be  fitted  with  a  shroud,  which  allows 
the  introduction  of  various  degrees  of  swirl  to  the  in¬ 
cylinder  flow.  With  an  unshrouded  valve,  mixing  of 
the  fresh  charge  with  the  residual  gases  is  quite  rapid, 
while  with  the  shrouded  valve  significant  mixture 
stratification  persists  throughout  the  compression 
stroke  (Miles  and  Hinze,  1998).  The  incident  laser 
beam  enters  and  exits  the  cylinder  through  two  small, 
diametrically  opposed  windows,  and  follows  a  path 
through  the  cylinder  which  approximately  bisects  the 
clearance  height  of  the  combustion  chamber.  The 
engine  geometry  is  summarized  in  Table  1. 

Raman  scattered  light  is  collected  from  a  10.9 
mm  length  of  the  beam  (A=532  nm)  in  the  central 
portion  of  the  combustion  chamber.  The  focused  beam 
diameter  within  the  engine,  0.49  mm  as  defined  by  the 
1/  e  intensity  contour,  defines  the  spatial  resolution  in 
the  plane  normal  to  the  beam.  After  passage  through 
the  engine,  the  beam  energy  is  measured  on  an 
instantaneous,  shot-by-shot  basis.  Typical  pulse 
energies  of  120  mJ  were  employed.  The  collected 
light  is  subsequently  refocused  to  form  an  image  of 
the  laser  beam  at  the  entrance  slit  of  an  imaging 
spectrograph.  As  depicted  in  Fig.  1,  the  spectrograph 
disperses  the  image  in  the  entrance  slit  spectrally,  such 
that  at  the  exit  plane  a  two-dimensional  image  is 
formed,  consisting  of  multiple  images  of  the  beam  at 
the  entrance  slit.  Each  beam  image  at  the  detector 
plane  corresponds  to  Raman  scattered  light  from  a 
particular  molecular  species.  Thus,  at  each  spatial 
location,  the  number  density  of  each  species  can  be 
determined  from  the  intensity  of  the  appropriate  beam 
image  integrated  over  the  appropriate  spatial  and 
spectral  regions.  The  size  of  the  detector,  and  the 
Table  1: 


Engine  geometry  and  Operating  Conditions 

Bore 

7.64 

[cm] 

Stroke 

8.27 

[cm] 

Clearance  Volume 

99.0 

[cm3] 

Compression  Ratio 

4.82 

[rpm] 

Speed 

600 

Manifold  Pressure 

47.5 

[kPa] 
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Figure  1:  The  side- valve  research  engine  and  layout 
of  the  optical  diagnostic  system 


EXPERIMENTAL 
ROCEDURE 

he  engine  is  run  slightly 
ean  with  premixed  propane 
uel  at  an  equivalence  ratio 
if  0.96.  As  mentioned 
hove,  a  skip-fired  mode  of 
operation  is  employed, 
■herein  the  engine  is  fired 
hree  consecutive  times  and 
he  ignition  disabled  on  the 
ourth  cycle,  during  which 
e  data  are  obtained  at  top 
ead  center  (TDC)  firing.  It 
was  demonstrated  that,  had 
it  been  fired,  the  combustion 
erformance  of  the  fourth 
cycle  would  have  been 
equivalent  to  that  of  steady- 
state  operation.  To 
investigate  scavenging 
efficiency  after  a  misfire,  an 
additional  motored  cycle  is 
added,  and  data  are  also 
obtained  at  TDC  firing  of 

this  fifth  cycle. 

To  simulate  cold-start  conditions,  the  engine 


dispersion  of  the 
spectrograph,  are  selected 
such  that  scattered  light 
from  all  major  species  of 
combustion  is  imaged  onto 
the  array,  from  C02  at  571 
nm  to  H20  at  approximately 
660  nm. 

The  detector  employed 
is  an  unintensified, 
cryogenically-cooled,  1024 
x  1024  back-illuminated 
CCD  array,  with  a  (typical 
specification)  quantum 
efficiency  that  exceeds  85% 
over  the  wavelength  range 
of  interest.  Due  to  the  lack 
of  an  image  intensifier,  the 
camera  cannot  be  gated 
quickly  and  interference 
from  combustion  luminosity 
necessitates  a  skip-fired 
mode  of  engine  operation. 

This  additional  complication 
is  outweighed  by  the  high 
quantum  efficiency;  typical 
intensified  cameras  are  characterized  by  an  effective 
quantum  efficiency  (accounting  for  the  intesifier  noise 
factor)  of  approximately  5%  (Paul,  et  al.,  1990)  in  this 
wavelength  range.  Because  of  the  limited  height  of  the 
spectrograph  entrance  slit,  only  75%  of  the  vertical 
extent  of  the  array  is  used.  Data  are  obtained  in  two 
formats:  high-resolution  512  x  384  images  obtained 
using  2x2  charge  binning  on  the  CCD  array;  and 
low-resolution  16  x  12  images  obtained  binning  the 
charge  into  64  x  64  pixel  “superpixels”.  This  massive 
charge  binning  is  required  for  instantaneous 
measurements,  where  the  spatial  and  spectral  signal 
integration  is  performed  on-chip  to  minimize  the 
contributions  from  measurement  noise.  Employing  64 
x  64  superpixels,  the  combined  contribution  from 
thermally  generated  dark-noise,  spurious  charge 
generation,  and  electronic  read-noise  can  be 
characterized  by  a  normally-distributed,  random  noise 
source  with  a  standard  deviation  of  lie*  (Miles, 
1998).  Thus,  for  signals  greater  than  approximately 
120  e  ,  the  measurement  is  expected  to  be  limited  by 
photoelectron  shot-noise.  Approximately  600  signal 
photoelectrons  are  expected  from  each  superpixel 
from  both  C02  and  H20  under  the  measurement 
conditions  employed.  Signals  from  the  remaining 
species  are  considerably  higher. 


cooling  water  is  maintained  at  21  °C.  The  engine  is 
brought  to  speed  (600  rpm)  under  motored  operation, 
the  ignition  enabled,  and  data  acquisition  commences 
after  speed  stabilization.  This  start-up  procedure  re¬ 
quired  33  seconds;  2/3  of  which  represents  motored 
operation.  Data  acquisition  thus  began  approximately 
1 1  seconds  after  first-fire,  or,  roughly,  after  55  engine 
cycles  (3/4  of  which  are  fired).  200  single-cycle,  low- 
resolution  images  are  acquired  over  the  next  800 
engine  cycles,  followed  immediately  by  a  high- 
resolution  image,  cycle-averaged  over  an  additional 
400  cycles  (100  measurements).  During  this  data 
acquisition  sequence,  films  of  condensate  were 
observed  to  form  on  the  large  cylinder  head  window. 
High  levels  of  scattered  light  also  implied  the 
presence  of  films  on  the  beam  entrance  and  exit 
windows.  These  films  persisted  through  the  end  of  the 
sequence,  by  which  time  the  cooling  water  leaving  the 
head  had  risen  in  temperature  to  approximately  24  °C. 
Finally,  with  the  engine  stopped  and  positioned  at 
TDC  overlap,  air  reference  spectra  for  background 
determination  were  acquired  while  flowing  air  through 
the  engine.  During  acquisition  of  the  reference 
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Min 


Intensity 


Max 


spectra,  the  films  on  the  windows  were  observed  to 
shrink  but  not  to  disappear. 

After  allowing  the  engine  to  cool,  this  procedure 
was  repeated  with  data  obtained  every  fifth  cycle,  as 
described  above.  To  investigate  the  effect  of  the  in¬ 
cylinder  flow  field  on  the  scavenging  performance, 
data  were  obtained  both  in  the  nominally  quiescent 
flow  generated  by  an  unshrouded  intake  valve  and  in 
the  highly  swirling  flow  ( Rs  ~  10)  created  by  the 
shrouded  intake  valve. 

5,  SAMPLE  DATA  AND  DATA  REDU CTION 

A  sample  high-resolution  image,  obtained  in  the 
quiescent  engine  flow,  is  shown  in  Fig.  2.  In  contrast 
to  equivalent  images  obtained  under  fully-warmed  up 
conditions  (Miles  and  Hinze,  1998),  the  levels  of 
background  light  are  considerably  higher.  The 
elevated  background  is  attributed  to  the  formation  of 
condensate  films  on  the  combustion  chamber  windows 
and  increased  elastically  scattered  light  from  these 
films  which  is  insufficiently  rejected.  Note  from  the 
spectrum  shown  at  the  bottom  of  Fig.  2,  generated  by 
summing  the  columns  of  the  image  above,  that  the 
(spatially)  integrated  signals  remain  well  defined  on  a 
variable  background  level.  The  background  level  can 
be  fit  quite  accurately  in  the  vicinity  of  the  H20  and 
C3H8  signals.  In  the  C02  and  02  region,  however,  the 
background  determination  is  more  ambiguous.  To 
assist  with  background  fitting  in  this  region,  the  air 
reference  spectra  described  above  are  used.  Due  to  the 
variable  film  size  during  acquisition  of  these  spectra, 
however,  uncertainties  in  the  appropriate  form  of  the 
background  are  introduced.  Thus,  the  mole  fractions 
of  C02  and  02  deduced  from  the  cycle-averaged 
images  are  less  reliable  than  the  mole  fractions  of 
C3H8  and  H20. 

Superposed  on  the  image  in  Fig.  2  is  a  light- 
colored  grid  which  depicts  the  spatial  and  spectral 
integration  regions  defined  by  the  superpixels 
employed  while  acquiring  the  single-cycle  images. 
Due  to  the  extent  of  the  spectral  binning,  and  to  the 
single-cycle  shot-noise  on  the  background  light,  it  is 
even  more  difficult  to  fit  background  spectra 
accurately  to  the  single-cycle  spectra.  In  previous 
work,  under  fully- warmed  up  conditions,  the 
constancy  of  the  background  was  used  to  deduce  the 
appropriate  background  level  in  the  single-cycle 
images  from  the  background  levels  measured  in  a 
cycle-averaged  image.  This  strategy  is  not  appropriate 
here,  however,  due  to  the  development  of  films  on  the 
combustion  chamber  surfaces  during  these  cold  start 
simulations,  and  the  subsequent  evolution  of  the 


Figure  2:  Cycle-averaged  image  and  corresponding 
spectrum  obtained  in  the  quiescent  flow. 

background  level.  Quantitative  species  mole  fractions 
are  therefore  not  easily  determined  from  this  single¬ 
cycle  data.  Nevertheless,  evidence  for  preferential 
scavenging  of  the  combustion  by-products  can  be 
obtained  from  the  trends  observed  in  the  data.  The 
remaining  discussion  of  the  data  reduction 
methodology  focuses  on  the  identification  of  these 
trends  within  the  larger  trend  associated  with  film 
formation  and  background  drift. 

From  each  single-cycle  image,  a  spatially  and 
spectrally  integrated  “signal”  for  each  species  is 
obtained  by  summing  the  appropriate  column(s)  of  the 
image.  These  signal  values  are  proportional  to  the 
molecular  number  density  of  each  species,  averaged 
over  the  10.9  mm  beam  length,  plus  an  offset 
associated  with  the  background  light.  From 
consecutive  single-cycle  images  (with  images 
obtained  every  fourth  engine  cycle),  data  sequences 
are  constructed  for  each  species.  To  separate  the 
background  drift  from  the  underlying  trends  in  the 
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data,  a  drift  sequence  dj  =d  +d2+ ...  +  dn_{  +  dn  is 
defined  from  the  measured  N2  sequence  AT  by 
subtracting  the  mean  signal  value: 

dJ=Nj-(N)  (2) 

The  projection  of  any  data  sequence  Sy  onto  this  drift 
sequence  can  then  be  subtracted  from  the  original  data 
sequence  to  give  a  drift  corrected  sequence  S, : 


S-s-&&d 

'  '  (d,d)J 


(3) 


where  (a, b)  denotes  the  standard  inner  product 
between  sequences  a  and  b. 

This  technique  for  background  drift  removal 
assumes  that  the  temporal  evolution  of  the  background 
is  self-similar  for  each  signal,  and  can  be  determined 
from  the  temporal  evolution  of  the  N2  signal.  Implicit 
here  is  the  expectation  that  the  true  N2  signal  does  not 
change  with  time.  Because  the  fresh  charge  is 
provided  to  the  engine  at  a  constant  mass  flow  rate, 
metered  through  critical  orifices,  the  amount  of  fresh 
N2  inducted  in  each  cycle  is  expected  to  be 
approximately  constant.  Any  changes  in  the  charging 
process  associated  with  engine  warm-up  will  be 
compensated  for  automatically  by  a  rising  or  falling 
manifold  pressure,  such  that  the  inducted  mass  per 
cycle  remains  constant.  There  are,  however,  at  least 
two  mechanisms  by  which  the  N2  signal  can  be 
envisioned  to  change  with  time:  first,  by  changes  in 
the  residual  gas  mole  fraction,  and  second,  via 
preferential  H20  scavenging. 

The  first  mechanism  will  be  associated  with  either 
an  increase  or  decrease  in  the  trapped  mass  within  the 
cylinder,  with  a  corresponding  increase  or  decrease  in 
the  N2  signal  levels.  The  drift  sequence  will  thus  have 
components  associated  with  both  background  drift  and 
temporal  changes  in  the  N2  number  density.  The 
component  associated  with  the  N2  number  density 
changes  may  mask  changes  in  the  true  signal  levels 
associated  with  H20  and  C02,  making  changes  in  the 
trapped  residual  mass  difficult  to  detect.  This  same 
component,  however,  would  introduce  variations  in 
the  02  and  C3H8  signals,  which  are  expected  to  remain 
constant.  By  examining  the  corrected  sequences  from 
these  fresh  charge  species,  then,  it  is  expected  that 
significant  temporal  changes  in  the  residual  mass  can 
be  detected. 


Poor  scavenging  of  H20,  the  second  mechanism, 
can  increase  the  trapped  mass  of  N2  by  effectively 
enriching  the  N2  mole  fraction  in  the  recycled  exhaust 
gases  (because  H20  has  been  removed).  Thus,  for  the 
same  volume  of  trapped,  gas-phase  residual  gas,  a 
greater  amount  of  N2  is  present  when  the  proposed 
preferential  scavenging  mechanism  is  operative.  It  can 
be  shown,  however,  that  this  effect  is  minimal.  For 
sufficient  H20  condensation  to  double  the  trapped 
mass  of  H20,  the  mass  of  trapped  N2  is  expected  to 
increase  by  only  0.6%.  After  applying  the  above  drift 
correction,  this  increase  in  N2  signal  could  only  mask 
an  increase  in  the  H20  signal  on  the  order  of  2%. 

5.  RESULTS  AND  DISCUSSION 

Single-cycle,  temporal  sequences  of  the  signals 
from  superpixels  identified  with  N2,  C3H8,  and  H20, 
obtained  in  the  quiescent  engine  flow,  are  shown  in 
Fig.  3.  The  equivalent  sequences  obtained  in  the 
swirling  engine  flow  are  shown  in  Fig.  4.  Also  shown 
for  reference  are  sequences  corresponding  to  N2 
obtained  under  fully-warmed  up  conditions,  in  which 
scattering  from  condensate  films  does  not  occur.  Note 
that  in  both  engine  flows  a  significant  temporal 
variation  in  the  data  sequences  is  observed. 
Furthermore,  based  on  the  N2  sequence,  it  is  apparent 
that  a  large  portion  of  this  trend  is  associated  with 
background  drift. 

Focusing  on  Fig.  3,  it  can  be  seen  that  the 
fluctuations  in  each  sequence  are  very  well  correlated 
from  species-to-species.  Data  obtained  under  warmed 
up  conditions  indicate  that  in  this  nominally  quiescent 
engine  flow  the  in-cylinder  fluid  is  well-mixed  by 
TDC,  and  cycle-to-cycle  variations  in  residual  gas 
mole  fraction  are  approximately  0.005  (Miles  and 
Hinze,  1998).  Similarly,  it  has  been  shown  that  under 
these  conditions  (no  films  on  the  combustion  chamber 
windows),  the  fluctuations  in  the  background  levels 
from  cycle-to-cycle  are  determined  by  the  statistical 
shot-noise  on  the  background  (Miles,  1998).  The 
large,  correlated  fluctuations  seen  in  Fig.  3  are  thus 
indicative  of  cycle-to-cycle  fluctuations  in  scattering 
from  films.  In  Fig.  4  no  such  clear  correlation  in  the 
fluctuations  is  observed.  This  is  due  to  two  factors:  the 
lower  overall  magnitude  of  scattering  from  films 
which  occurs  with  this  engine  flow  (implying  smaller 
films);  and  the  higher  fluctuations  in  residual  gas 
mole-fraction,  as  inferred  from  the  data  obtained 
under  fully  warmed  up  conditions. 
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Figure  3:  Single-cycle  data  sequences  measured  in 
the  quiescent  engine  flow. 


Figure  4:  Single-cycle  data  sequences  measured  in 
the  swirling  engine  flow. 


Another  feature  apparent  from  Figs.  3  and  4  is  the 
relatively  steady  state  of  the  data  sequences  near  the 
end  of  the  set  of  single-cycle  images.  The  asymptotic 
levels  are  very  close  to  the  levels  obtained  from  the 
cycle-averaged  images  obtained  immediately 
afterward*.  For  example,  in  the  quiescent  flow,  the 
cycle-averaged  signal  levels  in  units  corresponding  to 
Fig.  3  are  210  and  80  for  C3H8  and  H20,  respectively. 
In  the  swirling  flow  the  respective  cycle-averaged 
signal  levels  are  98  and  35  (cf.  Fig.  4).  This  implies 
that  neither  the  films  nor  the  mean  species  number 
densities  are  evolving  significantly  beyond 


*  This  comparison  is  possible  because  both  the  single¬ 
cycle  and  the  cycle-averaged  data  have  been 
normalized  by  the  measured  laser  energy  delivered 
during  the  acquisition  of  each  image. 


Table  3 

Residual  Gas  Mole  Fraction  Determined  from  Each 
Major  SpddsjcafEyeoiBsSiCaKE^ing  Cycle 


Species  Quiescent  Flow  Swirling  Flow 
C02  0.203  0.384 

02  0.240  0.384 

C3H8  0.208  0.362 

H2Q  0.295  0.394 


approximately  image  50  in  the  sequences  shown  or 
roughly  250  engine  cycles  (50  sec)  after  first-fire. 
Thus,  the  residual  gas  mole  fraction,  as  determined 
from  the  measured  species  mole  fractions  obtained 
from  the  cycle-averaged  images,  is  likely 
representative  of  the  residual  gas  mole  fraction  fairly 
early  in  the  cold-start  simulation.  These  residual  gas 
mole  fractions,  determined  by  assuming  complete 
combustion  of  the  fuel-air  mixture,  are  presented  in 
Table  2  for  both  engine  flows  investigated. 

In  Table  2,  no  evidence  of  significant  levels  of 
preferential  scavenging  is  observed,  as  the  residual 
gas  mole  fractions  derived  from  the  H20  mole 
fractions  are  generally  consistent  in  magnitude  with 
the  residual  gas  mole  fractions  derived  from  the 
remaining  species.  Nevertheless,  residual  mole 
fractions  derived  from  H20  are  typically  10-15% 
higher  than  those  derived  from  the  other  species. 
These  differences,  particularly  the  difference  between 
the  estimates  from  H20  and  C3H$,  may  be  due  in  part 
to  the  precision  of  the  cycle-averaged  measurements 
(about  5%,  at  worst,  under  warmed-up  conditions)  and 
in  part  to  inaccuracies  in  the  system  calibration. 
Temperature  variation  in  the  scattering  cross-sections 
is  insufficient  to  result  in  differences  of  this 
magnitude.  The  higher  than  expected  measured  H20 
content  may  also  be  due  to  two  physical  factors:  a 
small  level  of  H20  condensation  resulting  in  poor 
scavenging,  or  a  small  contribution  due  to  Raman 
scattering  from  films  on  the  windows. 

To  help  illuminate  the  cause  of  the  higher  than 
expected  water  content,  the  residual  gas  mole 
fractions  determined  from  the  individual  species  after 
a  non-fired  scavenging  cycle  are  presented  in  Table  3. 
There,  it  is  observed  that  while  the  mole  fractions 
estimated  from  the  individual  species  are  again 
generally  consistent  in  magnitude,  the  residual  mole 
fraction  estimated  from  H20  is  no  longer  significantly 
larger  than  the  estimates  from  the  other  species, 
particularly  the  (most  reliable)  C3H8  estimate.  This 


**  Excepting  the  rather  anomalous  change  in 
background  level  observed  in  Fig.  3  between  image 
100  and  image  120. 
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behavior  is  consistent  with  more  efficient  scavenging 
of  H20  than  the  other  residual  gas  species. 

Comparing  the  reduction  in  residual  H20  after 
one  scavenging  cycle  between  the  quiescent  and  the 
swirling  flow,  it  is  observed  that  the  reduction  is 
greatest  for  the  swirling  flow.  This  is  consistent  with 
the  hypothesis  that  the  (smaller)  films  formed  in  the 
swirling  engine  flow  are  more  rapidly  vaporized  by 
the  in-cylinder  flow,  leading  to  a  reduction  in  the 
apparent  H20  mole  fraction  after  an  additional 
scavenging  cycle.  Both  the  apparent  better  scavenging 
of  H20  in  the  swirling  flow,  and  the  apparent  more 
efficient  scavenging  of  H20  discussed  above,  suggest 
that  the  higher  than  expected  H20  content  is  likely  due 
to  Raman  scattering  from  window  films. 

Comparison  of  Tables  2  and  3  also  reveals  slow 
scavenging  of  residual  gases,  as  compared  to  the 
intuitively  expected  (l  -  r]Scuv )"  dependency  of  the 
residual  gas  mole  fraction  on  the  number  of 
scavenging  cycles  n  and  the  scavenging  efficiency 

.  Slow  scavenging  of  H20  was  also  observed  by 
Griinefeld,  et  al.  (1995),  who  attribute  it  to  a 
preferential  scavenging  mechanism.  Here,  however, 
slow  scavenging  is  evidenced  by  all  the  major  species. 
Similar  slow  scavenging  has  been  reported  by  Galliot, 
etal.  (1990). 

Finally,  it  is  interesting  to  note  that  the  cycle- 
averaged  residual  gas  mole  fractions  measured  in 
these  cold-start  simulations  are  somewhat  higher  that 
those  measured  under  warmed  up  conditions:  0.24  and 
0.34  in  the  quiescent  and  swirling  flow,  respectively. 

Following  the  drift  correction  procedure  outlined 
above,  the  data  sequences  corresponding  to  Figs.  3 
and  4  have  been  corrected  for  background  drift.  The 
drift  corrected  sequences  for  the  quiescent  flow  are 
shown  in  Fig.  5;  corrected  sequences  obtained  in  the 
swirling  flow  are  similar  and  are  not  shown  here.  The 
single  notable  observation  from  Fig.  5  is  that  the  drift 
correction  procedure  has  removed  all  obvious  secular 
trends  in  the  data  sequences.  The  only  data  sequence 
which  demonstrates  a  possible  remaining  trend  in  the 
data  is  the  H20  sequence  obtained  in  the  quiescent 
engine  flow.  This  sequence  is  shown  in  expanded 
form  by  the  dotted  line  in  Fig.  6.  Smoothing  by 
convolution  with  an  11 -point  rectangular  window 
serves  to  highlight  the  remaining  trends  in  the  data; 
the  smoothed  sequence  is  shown  by  the  solid,  heavy 
line.  Although  some  trends  remain,  comparison  with 
the  scale*  in  the  lower  left  comer  of  the  figure 


*  The  scale  is  derived  from  the  following  cycle- 
averaged  image 
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Figure  5:  Drift  corrected  data  sequences  obtained  in 
the  quiescent  engine  flow. 


Figure  6:  Smoothed  and  expanded  representation  of 
the  H20  data  sequence  in  Fig.  5. 


indicates  that  these  trends  correspond  to  a  rather  small 
(about  10%)  change  in  the  H20  number  density.  As 
noted  above,  the  correction  procedure  is  unlikely  to 
mask  a  change  in  H20  mole  fraction  associated  with 
poor  scavenging  of  H20.  The  implication  from  Fig.  6 
is  that  if  a  mechanism  resulting  in  poor  H20 
scavenging  is  operative,  it  reaches  a  relatively  steady- 
state  after  approximately  1 1  seconds  of  engine 
operation,  which  corresponds  to  the  beginning  of  the 
data  sequence  shown  in  Fig.  5.  Because  the  cycle- 
averaged  data  discussed  above  suggest  that  any 
preferential  scavenging  effects  at  later  times  are  small 
(if  they  exist  at  al),  it  is  reasonable  to  conclude  that 
the  data  presented  here  show  no  strong  evidence  for 
the  existence  of  a  preferential  scavenging  mechanism. 
If  such  a  mechanism  exists,  it  is  significant  only  in  the 
first  few  seconds  of  engine  operation. 

It  should  be  noted,  however,  that  this  conclusion 
is  subject  to  a  few  implicit  assumptions: 
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1)  The  low  compression  ratio  engine  used  here  does 
not  inhibit  a  preferential  scavenging  mechanism  due 
to  insufficient  residual  gas  cooling  during  expansion. 

2)  The  mixture  composition  obtained  from  a  fairly 
small  volume  in  the  center  of  the  cylinder  is 
representative  of  (or  scales  with)  the  global  cylinder 
composition.  Note  that  H20  vapor  which  evaporates 
from  films  on  the  combustion  chamber  walls  may  not 
have  time  to  mix  in  to  the  center  of  the  clearance 
volume  by  the  time  the  data  is  acquired,  even  if  data 
obtained  in  a  warm  engine  indicate  that  the  fresh 
charge  is  well  mixed  with  the  residual  gases  (i.e.  in  the 
quiescent  engine  flow). 

3)  The  temporal  evolution  of  the  background  light 
scattered  from  films  is  self-similar  for  each  species, 
and  can  be  determined  from  the  temporal  evolution  of 
the  N2  signal. 

Summary  and  Conclusions 

Simultaneous,  in-cylinder  measurements  of  the  major 
species  of  combustion  are  made  using  Laser  Raman 
scattering  with  broadband  signal  detection  under 
conditions  simulating  a  cold  start.  Mean,  cycle- 
averaged  mole  fractions  of  C02,  02,  N2,  C3H8,  and 
H20  are  determined  and  compared  for  consistency. 
This  comparison  indicates  that  measured  H20  mole 
fractions  are  10-15%  higher  than  expected. 
Comparison  with  species  mole  fractions  obtained  after 
an  extra  scavenging  cycle,  as  well  as  differences 
between  the  quiescent  and  swirling  engine  flow  fields, 
suggest  that  these  higher  H20  concentrations  may  be 
due  to  scattering  from  films  on  the  window  surfaces, 
rather  than  poor  scavenging  of  H20  due  to 
condensation  on  the  cold  cylinder  walls  or  other 
mechanisms. 

Due  to  growth  of  films  on  the  optical  windows 
during  the  simulations,  a  time-varying  signal 
background  associated  with  film  scattered  light 
complicates  determination  of  quantitative  single-cycle 
species  mole  fractions.  However,  the  temporal 
evolution  of  the  signals,  after  correction  for  the 
varying  background,  can  be  examined  for  evidence  of 
poor  H20  scavenging.  Between  approximately  11  sec 
(55  cycles)  after  the  first  fired  cycle  and  170  sec  (855 
cycles),  the  time  period  during  which  data  was 
acquired,  no  evidence  of  significant  variation  in  H20 
scavenging  was  observed. 

References 

Eckbreth,  A.C.  1996,  Laser  Diagnostics _ for 

Combustion  Temperature  and  Species,  2nd  ed., 
Gordon  and  Breach,  Amsterdam. 


Galliot,  F.,  Cheng,  W.K.,  Cheng,  C-O,  Sztenderowicz, 
M.,  Heywood,  J.B.,  and  Collings,  N.  1990,  In- 
Cylinder  Measurements  of  Residual  Gas  Concen¬ 
tration  in  a  Spark  Ignition  Engine,  SAE  Paper  No. 
900485. 

Grunefeld,  G.,  Knapp,  M.,  Beushausen,  V.,  Andresen, 
P„  Hentschel,  W.,  and  Manz,  P.  1995,  In-Cylinder 
Measurements  and  Analysis  on  Fundamental  Cold 
Start  and  Warm-up  Phenomena  of  SI  Engines,  SAE 
Paper  No.  952394. 

Miles,  P.C.  1998,  Raman  Line-imaging  for  Spatially- 
and  Temporally-Resolved,  Multi-point,  Multi-species 
Mole  Fraction  Measurements  in  an  Internal 
Combustion  Engine,  Submitted  to  Appl.  Optics. 

Miles,  P.C.  and  Hinze,  P.C.  1998,  Characterization  of 
the  Mixing  of  Fresh  Charge  with  Combustion 
Residuals  Using  Laser  Raman  Scattering  with 
Broadband  Detection,  SAE  Paper  No.  981428. 

Paul,  P.H.,  van  Cruyningen,  I.,  Hanson,  R.K.,  and 
Kychakoff,  G.  1990,  High  Resolution  Digital  Flow- 
field  Imaging  of  Jets,  Exp,  in  Fluids,  9,  pp.  241-251. 
Takeda,  K.,  Yaegashi,  T.,  Sekiguchi,  K,  &  Saito,  K. 
1995,  Mixture  Preparation  and  HC  Emissions  of  a  4- 
Valve  Engine  with  Port  Fuel  Injection  During  Cold 
Starting  and  Warm-Up,  SAE  paper  No.  950074. 


37.2.8 


LASER  DIAGNOSTICS  OF  NITRIC  OXIDE  INSIDE  A  TWO-STROKE  DI  DIESEL 

ENGINE 

Genie  G.M.  Stoffels,  Erik-Jan  van  den  Boom,  Charles  M.I.  Spaanjaars,  Nico  Dam,  W.L.  Meerts 

and  J.J.  ter  Meulen 

Applied  Physics,  University  of  Nijmegen,  the  Netherlands 


ABSTRACT 

The  Nitric  oxide  (NO)  content  and  distribu¬ 
tion  within  the  combustion  chamber  of  an  optically 
accessible  one-cylinder  two-stroke  direct-injection 
Diesel  engine  have  been  studied  by  means  of  Laser 
Induced  Fluorescence.  Using  193  nm  excitation  of 
NO,  detection  of  the  ensuing  fluorescence  at  208  nm 
and  216  nm  allows  determination  of  the  in-cylinder 
NO  content  throughout  the  whole  combustion  cy¬ 
cle.  Images  of  the  two-dimensional  NO  distribution 
in  a  plane  perpendicular  to  the  cylinder  axis  have 
been  recorded  for  crank  angles  larger  than  31°  af¬ 
ter  Top  Dead  Center.  The  measured  NO  fluores¬ 
cence  is  transformed  into  an  in-cylinder  NO  content 
taking  into  account  the  changing  in-cylinder  condi¬ 
tions  and  the  spectroscopic  interference  of  Oxygen 
fluorescence.  It  is  concluded  that,  in  this  engine, 
the  bulk  of  the  NO  formation  takes  place  relatively 
late  in  the  stroke,  indicating  that  most  of  the  NO  is 
formed  during  the  diffusion  burning  phase. 

1.  INTRODUCTION 

Strategies  for  the  reduction  of  toxic  emissions 
from  Diesel  engines  focus  on  particulates  (soot)  and 
oxides  of  Nitrogen  (NOx).  Although  both  of  these 
components  are  formed  during  combustion,  legisla¬ 
tion  is  concerned  only  with  the  exhaust  products. 
Emission  control  therefore  aims  at  either  catalytic 
exhaust  gas  after-treatment  or  at  combustion  opti¬ 
misation,  where  optimisation  is  taken  to  imply  re¬ 
duced  toxic  compound  formation  while  (at  least) 
maintaining  combustion  efficiency.  Combustion  op¬ 
timisation,  arguably  the  more  fundamental  way  of 
tackling  the  emission  problem,  poses  a  huge  chal¬ 
lenge  both  to  experimental  data  acquisition  and  in¬ 
terpretation,  and  to  theoretical  combustion  mod¬ 
elling.  This  paper  intends  to  contribute  to  the  for¬ 
mer  aspect.  We  have  used  non-intrusive  optical  di¬ 
agnostics,  based  on  Laser  Induced  Fluorescence,  to 
monitor  the  amount  as  well  as  the  distribution  of 


Nitric  oxide  (NO)  inside  the  combustion  chamber  of 
a  Diesel  engine. 

Laser  based  optical  diagnostics  of  combustion 
processes  are  appreciated  for  their  ability  to  com¬ 
bine  non-intrusiveness  with  selectivity  for  specific 
chemical  species.  As  such,  they  have  been  applied 
both  to  open  flames  and  to  internal  combustion  en¬ 
gines.  A  review  can  be  found  in  e.g.  Eckbreth  (1988) 
and  Rhote  and  Andresen  (1997).  Among  the  man¬ 
ifold  of  optical  techniques  available,  only  Laser  In¬ 
duced  Fluorescence  (LIF)  has  the  sensitivity  to  pro¬ 
vide  instantaneous,  two-dimensional  (2D)  informa¬ 
tion  on  minority  species  distributions  in  combustion 
processes.  The  measurement  principle  of  this  planar 
LIF  (PLIF)  technique  involves  electronic  excitation 
of  the  molecules  of  interest  by  a  thin  sheet  of  laser 
radiation,  and  detection  of  the  subsequent  fluores¬ 
cence  in  a  direction  perpendicular  to  the  sheet  by 
an  intensified  CCD  camera.  PLIF  has  been  used 
to  demonstrate  the  presence  of  a  large  number  of 
specific  small  molecules  in  a  variety  of  combustion 
environment,  but  in  general  the  observed  data  are 
very  hard  to  quantify.  Although  in  principle  the  LIF 
intensity  is  linearly  proportional  to  the  local  number 
density  of  laser-excited  molecules,  the  proportional¬ 
ity  constant  depends  on  the  local  physico-chemical 
environment,  involving  local  temperature,  density, 
chemical  composition  and  possibly  spectroscopic  in¬ 
terference  by  other  molecules.  Since  these  param¬ 
eters  are  usually  difficult  to  assess  simultaneously 
with  the  (P)LIF  measurements,  one  must  have  re¬ 
course  to  model  assumptions. 

The  present  paper  reports  LIF  and  PLIF  mea¬ 
surements  of  the  N  0  density  within  the  combustion 
chamber  of  a  small,  two-stroke  direct-injection  (DI) 
Diesel  engine,  running  on  standard  Diesel  fuel.  NO 
fluorescence  distributions  and  dispersed  fluorescence 
spectra  are  presented  as  a  function  of  crank  angle 
throughout  the  whole  stroke,  and  ways  towards  their 
semi-quantitative  interpretation  are  discussed. 
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Figure  1:  Schematic  view  of  the  optically  accessible 
Diesel  engine  and  the  optical  setup.  The  excimer  laser 
beam  (ArF)  either  traverses  the  combustion  chamber  (as 
a  thin  sheet  parallel  to  the  piston  upper  surface)  through 
the  two  side  windows  (W1  and  W2),  or  it  is  used  unfo¬ 
cused  to  illuminate  the  combustion  through  the  top  win¬ 
dow  (W3).  Fluorescence  (or  natural  flame  emission)  is 
observed  through  the  top  window  by  an  intensified  CCD 
camera  (ICCD)  positioned  behind  either  a  narrow-band 
reflection  filter  (used  for  imaging)  or  a  monochromator 
(used  for  fluorescence  dispersion). 

2.  ENGINE  AND  OPTICAL  SETUP 

All  measurements  are  performed  on  a  one-cy¬ 
linder,  two-stroke,  DI  Diesel  engine  (Sachs;  bore 
81  mm,  stroke  80  mm,  swept  volume  412  cc)  that  has 
been  made  optically  accessible  by  mounting  quartz 
(Suprasil  I)  windows  in  the  cylinder  wall  as  well  as 
centrally  in  the  cylinder  head  (see  fig.  1;  Wl-3).  A 
flat  piston  with  a  shallow  slot  (0.5  mm  depth)  in 
its  upper  surface  was  used  to  provide  optical  ac¬ 
cess  through  the  side  windows  throughout  the  whole 
engine  cycle.  The  engine  is  operated  steadily  run¬ 
ning  (1200  rpm)  on  standard  Diesel  fuel,  obtained 
from  a  local  retailer,  and  was  loaded  by  a  water- 
cooled  electric  brake  with  up  to  3.5  Nm  (0.44  kW). 
Fuel  is  injected  through  a  three-hole  nozzle,  located 
6  mm  above  the  piston  surface  at  Top  Dead  Cen¬ 
tre  (TDC)  Fuel  injection  starts  at  27°  before  Top 
Dead  Center  (bTDC).  The  exhaust  port  opens  at 
105°  after  Top  Dead  Center  (aTDC),  the  inlet  ports 
at  121°  aTDC.  Inlet  air  is  supplied  under  an  over¬ 


pressure  of  typically  0.2  bar  to  improve  scavenging. 
With  a  compression  ratio  of  13,  the  pressure  P,  in 
the  engine  follows  the  curve  shown  in  fig.  2a  reach¬ 
ing  a  peak  pressure  of  75  bar  slightly  after  TDC. 
The  pressure  curve  is  used  together  with  the  volume 
to  calculate  the  mean  temperature  of  the  gas  con¬ 
tent  inside  the  cylinder  (see  Heywood  (1988)).  This, 
so-called,  mean  gas  temperature  is  given  in  fig.  2a 
(solid  line)  and  reaches  a  maximum  of  1470  K  a  few 
degrees  after  TDC.  Combustion  is  seen  to  start  at 
15°  bTDC,  and  natural  flame  emission  can  be  ob¬ 
served  up  to  about  60°  aTDC.  Its  spectrum  shows 
no  additional  structure  at  any  crank  angle,  indicat¬ 
ing  that  it  is  mainly  due  to  light  emission  by  glowing 
soot  particles.  The  natural  emission  spectrum  can 
be  well  fitted  to  a  Planck  black  body  radiation  curve, 
and  can  be  used  to  derive  a  so-called  soot  temper¬ 
ature  from  the  glowing  soot  particles  as  a  function 
of  crank  angle  (0).  These  data,  showing  a  temper¬ 
ature  of  about  2300  K  at  TDC  have  been,  included 
in  fig.  2b  (■);  details  will  be  published  elsewhere  by 
Stoffels  et  al.  (1998).  In  the  figure,  the  dashed  line 
represents  the  estimated  gas  temperature  based  on 
adiabatic  expansion  (PV'r  =  constant,  7  =  1.36)  of 
an  ideal  gas  during  the  later  part  of  the  stroke.  It  is 
matched  to  the  experimental  data  at  intermediate 
crank  angles. 

All  (P)LIF  measurements  on  NO  employed  a 
pulsed,  tunable  ArF  excimer  laser  (A  Physik  Com- 
pex  350T;  A  =  192.9  -  193.9  nm,  bandwidth  w 
0.7  cm-1,  20  nsec  pulse  duration)  to  excite  NO  on 
the  Ri(26.5)  transition  of  the  D2E+(v'  =  0)  «- 
X2II(u"  =  1)  band  at  193.337  nm  as  determined 
by  Versluis  et  al.  (1991).  The  laser  is  synchronised 
to  the  engine  cycle  with  a  precision  of  <  0.6°  crank 
angle.  It  emits  a  beam  with  rectangular  cross  sec¬ 
tion,  which,  for  the  purpose  of  recording  NO  fluo¬ 
rescence  distributions,  is  focussed  down  to  a  sheet  of 
about  0.1  mm  thickness  and  coupled  into  the  engine 
through  a  side  window  (Wl,2).  The  beam  traverses 
the  combustion  chamber  in  a  plane  perpendicular  to 
the  cylinder  axis  (see  fig.  1),  and  is  located  within 
the  slot  in  the  piston  upper  surface  when  the  piston 
is  at  TDC.  The  laser  illuminates  the  whole  area  be¬ 
neath  the  top  window,  resulting  in  a  measurement 
volume  of  25  x  0.1  mm  (diameter  x  thickness).  Flu¬ 
orescence  of  NO  is  recorded  through  a  4-plate  reflec¬ 
tion  filter,  tuned  to  208  nm  center  wavelength  with 
a  bandwidth  of  5  nm  (FWHM) ,  through  the  top 
window  (25  mm  diameter;  fig.  1)  by  a  576  x  384  pix¬ 
els  CCD  camera  (14  bits  dynamic  range)  equipped 
with  an  image  intensifier  (Princeton  Instr.  ICCD- 
576G/RB-E)  and  a  quartz  // 4.5  105  mm  objective 
(Nikon).  At  this  setting,  the  filter  is  centered  on  the 
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Figure  2:  Parameters  of  the  engine  running  steadily 
on  standard  Diesel  fuel,  a)  The  in-cylinder  pressure  b) 
Mean  gas  temperature  derived  from  the  in-cylinder  pres¬ 
sure  curve  (solid  line).  Soot  temperature  derived  from 
the  flame  emission  spectrum  (black  body  radiation;  see 
text)  (■).  The  dashed  curve  is  based  on  calculations 
assuming  adiabatic  expansion  of  an  ideal  gas  during  the 
later  part  of  the  stroke,  c)  Transmission  of  the  excimer 
laser  beam  (193  nm)  through  the  fixing  engine. 

NO  D(v'  =  0)  -¥  X(v"  =  3)  fluorescence  band.  Mie 
scattering  images  were  obtained  in  the  same  setup, 
but  with  the  filter  mirrors  replaced  by  broad-band 
aluminium  mirrors. 

Alternatively,  the  unfocused  laser  beam  can  be 
coupled  into  the  combustion  chamber  through  the 
top  window  (Wl).  The  advantage  of  this  setup  is 
that  the  laser  beam  enters  the  observation  area  im¬ 
mediately  avoiding  attenuation  of  the  laser  radia¬ 
tion  in  the  first  part  of  the  combustion  chamber. 
(Note,  that  the  laser  beam  coupled  in  through  the 
side  window  has  to  travel  about  25  mm  before  en¬ 
tering  the  observation  area.)  In  this  case  NO  fluo¬ 
rescence  is  detected  through  the  top  window  by  the 
camera  mounted  behind  an  imaging  monochromator 
(Chromex  250IS)  with  a  1200  gr/mm  holographic 
grating  blazed  at  250  nm,  as  part  of  an  Optical 


Multichannel  Analyser  (OMA)  setup,  to  spectrally 
disperse  the  fluorescence.  For  all  fluorescence  mea¬ 
surements  the  image  intensifier  was  used  with  a  gate 
width  of  50  nsec,  which  was  sufficient  to  collect  all 
LIF  (no  signal  increase  for  longer  gate  times)  while 
keeping  the  contribution  of  the  natural  flame  emis¬ 
sion  down  to  a  manageable  (and  usually  negligible) 
level.  The  latter  was,  however,  always  measured 
separately  and  subtracted  from  the  LIF  data. 

3.  DATA  EVALUATION 

Even  though  qualitative  data  on  chemical  species 
distributions  within  a  combustion  environment  are 
of  interest  in  themselves,  one  of  the  goals  of  our 
present  research  is  to  quantify  the  LIF  data  as  much 
as  possible.  This  will  allow  them  to  be  compared 
throughout  the  stroke  and  for  different  engine  op¬ 
erating  conditions,  different  fuels  and  fuel  injection 
systems,  and  so  on.  The  LIF  yield  will  be  described 
using  a  model  in  which  the  energy  level  structure 
of  NO  is  simplified  to  a  3-level  system  coupled  to  a 
‘bath’  of  all  other  levels  by  collisional  energy  transfer 
processes.  Rotational  energy  transfer  in  the  ground 
state  will  be  neglected,  because  of  the  low  laser  in¬ 
tensity  within  the  engine.  In  general  the  fluores¬ 
cence  yield  y)  due  to  a  local  NO  density 

PNo{%,y)  can  be  written  as 

Slif{x,v)  =  pIh(x,y)AF{x,y)g(vL,v0 ) 

fvj(T)  PNo(x,y)  >  (1) 

in  which  x  and  y  are  the  spatial  coordinates  within 
the  plane  illuminated  by  the  laser  and  p  is  a  propor¬ 
tionality  constant  including  experimental  parame¬ 
ters  like  optics  collection  efficiency,  camera  sensitiv¬ 
ity,  absorption  line  strength,  etc.  Ii,(x,y)  denotes 
the  local  laser  beam  intensity,  Ap  (x,  y)  describes 
the  attenuation  of  the  induced  fluorescence  emit¬ 
ted  at  (a :,y)  and  g{yL,vo)  is  the  overlap  integral  of 
the  laser  line  profile  with  the  NO  absorption  spec¬ 
trum.  The  temperature-dependent  fractional  popu¬ 
lation  of  the  probed  rovibrational  state  is  described 
by  the  Boltzmann  fraction  fvj(T)  and  the  fluores¬ 
cence  yield  is  determined  by  the  Stern- Vollmer  fac¬ 
tor  A/(A+Q),  in  which  A  denotes  the  spontaneous 
emission  rate  on  the  vibronic  transition  that  is  mon¬ 
itored  and  Q  the  effective  non-radiative  decay  rate. 
The  non-radiative  decay  processes  that  reduce  the 
fluorescence  yield  are  a  result  of  intermolecular  col¬ 
lisions  and  include  both  Electronic  Energy  Transfer 
(EET;  notably  D  ->  A  and  D  — >■  C)  and  quenching 
(D  -»•  X). 

In  order  to  extract  the  NO  density  from  the  LIF 
signal  Slif,  all  factors  in  eq.  1  have  to  be  known. 
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Most  of  these  factors  depend  on  the  position  (x,y) 
and/or  on  the  in-cylinder  conditions  (pressure,  tem¬ 
perature,  volume  and  laser  beam  intensity),  and  can 
therefore  not  be  calibrated  by  e.g.  an  exhaust  gas 
measurement.  The  evaluation  of  the  individual  fac¬ 
tors  of  eq.  1  is  discussed  shortly  below,  a  more  ex¬ 
tensive  description  is  given  by  Stoffels  et  al.  (1998). 

Local  laser  intensity  Ih(x,y),  Fluorescence  at¬ 
tenuation  AF{x,y ):  The  laser  intensity  suffers  se- 
vere  attenuation  on  its  way  through  the  combustion 
chamber.  Also  the  induced  fluorescence  is  attenu¬ 
ated  on  its  way  to  the  top  window.  At  larger  crank 
angles  (i.e.  later  in  the  stroke)  these  attenuations 
are  expected  to  be  caused  mainly  by  scattering  off 
and  absorption  by  particulates,  whereas  at  smaller 
crank  angles  absorption  by  still  unburned  fuel  will 
also  contribute  as  reported  by  Sick  (1997).  For  the 
purpose  of  imaging  an  independent  measure  of  the 
local  laser  intensity  and  the  fluorescence  attenua¬ 
tion  is  provided  by  Mie  scattering,  here  understood 
to  comprise  elastic  light  scattering  off  small  parti¬ 
cles  (regardless  of  their  size).  (Note,  that  in  this 
case  the  little  difference  in  wavelength  between  the 
laser  radiation  and  the  induced  fluorescence  is  ne¬ 
glected.)  On  the  assumption  i )  that  laser  inten¬ 
sity  and  fluorescence  attenuation  is  mainly  due  to 
scattering  off  and  absorption  by  small  particles  (oil, 
soot,  fuel  droplets)  and  ii)  that  there  exists  a  linear 
relationship  between  scattering  and  absorption  cross 
sections  of  these  particles  as  described  in  Bohren 
and  Huffman  (1983),  the  local  laser  intensity  and 
the  fluorescence  attenuation  can  be  reconstructed 
from  measurements  of  the  local  Mie  scattered  in¬ 
tensity  combined  with  overall  transmission  measure¬ 
ments.  Details  of  the  reconstruction  method  will  be 
published  elsewhere  by  Stoffels  et  al.  The  overall 
transmission  of  193  nm  light  through  the  firing  en¬ 
gine  is  measured  by  coupling  in  and  out  the  laser 
beam  through  the  side  windows  and  detecting  the 
transmitted  radiation  behind  the  outcoupling  win¬ 
dow  by  a  CCD  camera.  The  result  is  given  in  fig.  2c. 
The  rise  in  transmission  around  60°  aTDC  coincides 
with  the  end  of  the  visible  combustion,  suggesting 
that  unburned  fuel  indeed  plays  an  important  part 
in  absorption  of  193  nm  laser  radiation  (see  also 
Sick  (1997)).  In  the  case  that  dispersed  fluorescence 
spectra  are  obtained  only  the  overall  transmission  is 
'  used  to  calculate  the  local  laser  beam  intensity  and 
the  attenuation  of  the  induced  fluorescence. 

Overlap  integral  g[v l,vo):  The  overlap  integral 
is  calculated  by  assuming  Gaussian  profiles  for  both 
the  laser  emission  line  and  the  NO  absorption  line. 
Lacking  data  on  the  pressure  broadening  and  shift  of 
transitions  in  the  D(u'  =  0)  t—  X(v"  =  1)  band,  for 


the  present  purpose  the  functional  pressure  and  tem¬ 
perature  dependence  of  the  A  f-  X  band  as  derived 
by  Chang  et  al.  (1992)  is  taken  in  combination  with 
a  proportionality  factor  that  is  derived  from  own 
measurements  on  the  D  <—  X  band  in  the  engine. 

Boltzmann  fraction  fvj(T):  The  temperature  de¬ 
pendent  fractional  population  of  the  probed  state 
(v"=l,  J=26.5)  can  be  calculated  using  the  well  es¬ 
tablished  spectroscopic  data  of  the  NO  electronic 
ground  state  given  in  Huber  and  Herzberg  (1979). 

Stem-Vollmer  factor  A/ (A  +  Q):  The  spontan¬ 
eous  emission  rate  on  the  D(u'  =  0)  — >  X(u")  tran¬ 
sition  can  be  estimated  from  the  radiative  lifetime 
of  the  D-state  (r  =  18  nsec  given  in  Radzig  and 
Smirnov  (1985))  and  the  appropriate  Franck-Condon 
factor  (0.165  for  v"  =  3,  calculated  using  the  ap¬ 
proximation  by  Nicholls  (1981)  and  molecular  data 
from  Huber  and  Herzberg  (1979)),  yielding  A03  = 
9.2- 106  sec-1.  The  non-radiative  decay  rate  Q  poses 
a  more  serious  problem.  Although  there  is  a  consid¬ 
erable  amount  of  data  available  for  the  NO  A-state 
quenching  (see  e.g.  Paul  et  al.  (1993)),  data  for 
the  D-state  are  all  but  lacking.  Preliminary  results 
of  measurements  on  the  D-state  fluorescence  yield 
under  conditions  of  elevated  temperature  and  pres¬ 
sure  indicate  that  D  -4  A  EET  by  collisions  with  N2 
provide  a  very  efficient  decay  channel  as  measured 
by  Van  den  Boom  et  al.  (1998).  For  the  present 
purpose,  we  have  simply  assumed 

Q  =  vre\pa  »  A  =  A03  ,  (2) 


with  Urei  =  (8kT / -up)1' 2  the  relative  velocity  be¬ 
tween  collision  partners,  p  the  total  number  density 
and  a  an  effective  quenching  cross  section  taken  to 
be  independent  of  pressure  and  temperature. 

In  summary,  using  the  above  assumptions  the  lo¬ 
cal  NO  number  density  can  be  extracted  from  PLIF 
images  and  dispersed  fluorescence  spectra  as 


PT-1/2  gLiF(s,y) 
PNo(X,y)  “  g{v^vQ)fvJ{T)  IL(x,y)AF(x,y) 


,  (3) 


where  in  the  case  of  imaging  IiAf  is  reconstructed 
from  separately  recorded  Mie  scattering  images  as 
discussed  above.  Assuming  the  average  NO  density 
in  an  image  or  spectrum  to  also  represent  the  av¬ 
erage  NO  density  in  the  whole  cylinder,  the  total 
amount,  of  NO  can  be  written  as 


A/no  oc  Vcy\puo{x,y)  ,  (4) 

in  which  Vcyi  is  the  in-cylinder  volume  (depends  on 
crank  angle). 


37.3.4 


Fluorescence  wavelength  (nm) 


Figure  3:  Dispersed  fluorescence  spectra  of  NO  for  dif¬ 
ferent  crank  angles  (°  aTDC,  indicated  at  the  right),  ob¬ 
tained  by  illuminating  the  combustion  through  the  top 
window.  All  spectra  axe  to  the  same  scale  unless  in¬ 
dicated  otherwise.  The  increasing  intensity  at  the  blue 
end  of  the  spectra  is  due  to  directly  scattered  laser  light. 
The  persistent  peak  at  207.8  nm  is  due  to  quartz  phos¬ 
phorescence.  The  grey  bars  indicate  the  positions  of  the 
D2E+(u'  =  0)  -4  X2II(v"  =  3,4, 5)  bands  of  NO. 

4.  RESULTS  AND  DISCUSSION 
4.1  Dispersed  Fluorescence  Spectra 

Figure  3  shows  a  typical  series  of  dispersed  flu¬ 
orescence  spectra  (averaged  over  100  engine  cycles) 
for  different  crank  angles,  recorded  with  the  OMA 
system  (50  [i m  entrance  slit)  and  illuminating  the 
combustion  through  the  top  window  (fig.  1).  All 
these  spectra  show  a  persistent  peak  at  207.8  nm, 
which,  however,  is  an  unfortunate  artefact  caused  by 
laser  induced  phosphorescence  of  the  quartz  obser¬ 
vation  window.  The  spectral  structure  shows  a  con¬ 
siderable  qualitative  change  around  30°  aTDC.  For 
0  £  30°  aTDC  two  prominent  fluorescence  features 
are  found  at  211  and  217.5  nm,  the  latter  with  a 
persistent  doublet  structure  even  at  TDC  Both  fea¬ 
tures  can  be  ascribed  to  fluorescence  of  hot  Oxygen 


Figure  4:  The  integrated  fluorescence  signal  of  NO 
present  inside  the  cylinder  of  the  engine  as  a  function  of 
crank  angle  obtained  from  the  spectra  given  in  fig.  3  (□). 
The  NO  content  curve  derived  from  the  integrated  fluo¬ 
rescence  signal  processed  for  the  change  in  pressure,  tem¬ 
perature,  volume  and  laser  intensity  during  the  stroke 
(■)• 

(O2)  that  is  also  excited  by  the  laser  radiation  from 
v"=2,3  as  reported  by  Lee  and  Hanson  (1986)  and 
Shimauchi  et  al.  (1994).  For  0^30°  aTDC  these 
O2  features  disappear  and  are  replaced  by  some¬ 
what  broader  spectral  structures  around  208  nm 
(red  shoulder  on  the  quartz  phosphorescence  peak) , 
216  and  225  nm.  These  features  arise  from  fluo¬ 
rescence  out  of  the  laser-excited  D(v'=0) -state  to 
the  X(v"=3,4,5)-states,  respectively.  The  two  indis¬ 
tinct  emission  signals  at  212.5  and  220  nm  result 
from  fluorescence  out  of  the  C(v'=0)-state,  popu¬ 
lated  by  Electronic  Energy  Transfer  (EET),  to  the 
X(v"=3,4)-states.  Fluorescence  bands  of  NO  and 
O2  coincide  in  the  225  nm  region,  which  is  the  reason 
why  the  spectrum  in  this  wavelength  region  is  rela¬ 
tively  invariant.  The  shape  of  the  225  nm  band  does, 
however,  change  from  a  multiple-peaked  structure 
(characteristic  for  O2,  due  to  strong  predissociation 
of  the  upper  state  described  in  e.g.  Kruppenie  (1972) 
and  Wodtke  et  al.  (1988))  for  0£  30°  aTDC  to  a 
structureless  bump  (characteristic  for  NO)  at  ©  ~ 
30°  aTDC. 

Even  though  the  NO  fluorescence  is  most  evi¬ 
dent  in  the  spectra  for  0  £  30°  aTDC,  it  should  be 
stressed  that  NO  fluorescence  can  be  recognized  in 
all  spectra  for  ©  >  TDC. 

4.2  The  in-cylinder  NO  content 

The  intensity  of  the  NO  fluorescence  peaks  in 
the  dispersed  fluorescence  spectra  provide  informa¬ 
tion  about  the  amount  of  NO  present  inside  the 
cylinder  at  different  crank  angles.  To  compare  the 
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peaks  of  the  spectra  at  different  crank  angles  and 
engine  conditions  it  is  necessary  to  convert  the  NO 
fluorescence  into  more  quantitative  data.  To  this 
end  the  NO  fluorescence  signal  of  the  D(u'  =  0)  -> 
X(i>"  =  4)  band  at  216  nm  (right  at  the  blue  side 
of  the  02  band  at  217.5  nm  and  clearly  visible  in 
the  spectra  for  0  =  25°  aTDC  and  0  =  31  aTDC) 
is  fitted  to  a  Gaussian  curve  taking  into  account 
the  structures  due  to  02  fluorescence.  The  inte¬ 
grated  fluorescence  yield  obtained  from  the  spectra 
presented  in  fig.  3  is  given  in  fig.  4  (□).  To  ar¬ 
rive  at  a  measure  for  the  NO  density  as  a  function 
of  crank  angle  (eqs.  3  and  4)  the  integrated  fluo¬ 
rescence  yield  has  been  processed  according  to  the 
prescriptions  discussed  above  (Data  evaluation  sec¬ 
tion)  .  In  the  processing  the  the  in-cylinder  pressure, 
mean  gas  temperature  and  transmission  data  given 
in  fig.  2  are  used.  A  curve  that  is  proportional  to 
the  NO  content  within  the  cylinder,  obtained  from 
evaluation  of  the  integrated  fluorescence  signal  of 
the  spectra  in  fig.  3  (given  as  (□)  in  fig.  4)  is  also 
presented  in  fig.  4  (■).  It  shows  a  steep  rise  starting 
at  0  «  30°  aTDC  and  reaches  a  maximum  around 
75°  aTDC  followed  by  a  more  gradual  decline  dur¬ 
ing  the  later  part  of  the  stroke.  Similar  curves  have 
been  measured  in  several  different  runs,  as  well  as 
for  various  engine  operating  conditions  and  fuels. 
Because  the  fluorescence  yield  curves  obtained  for 
several  engine  runs  reproduce  well,  the  accuracy  of 
the  NO  content  curve  will  be  determined  mainly 
by  the  precision  of  the  fluorescence  yield  process¬ 
ing  method.  Although  the  general  relationship  be¬ 
tween  the  fluorescence  yield  and  the  NO  content  is 
well  established  (eq.  1)  some  errors  will  be  intro¬ 
duced  by  the  uncertainties  involved  in  some  of  the 
factors  of  the  signal  processing.  Another  systematic 
error  will  be  caused  by  the  use  of  the  mean  gas  tem¬ 
perature.  During  the  actual  combustion,  the  local 
temperature  at  the  place  the  NO  is  formed  is  prob¬ 
ably  higher,  as  the  cylinder  contents  are  not  in  ther¬ 
mal  equilibrium  at  that  moment.  Because  the  NO 
molecules  are  excited  from  a  vibrationally  excited 
state  results  the  use  of  the  mean  gas  temperature  to 
calculate  the  population  of  the  lower  level  in  a  too 
low  population  around  TDC,  where  the  actual  tem¬ 
perature  is  probably  higher.  This  may  lead  to  an 
overestimation  of  the  relative  NO  density  at  smaller 
crank  angles.  However  because  these  are  systematic 
errors  that  appear  in  all  NO  content  curves  they 
do  not  affect  the  relative  differences  between  curves 
and  NO  content  curves  at  different  engine  condi¬ 
tions  can  be  compared.  The  curve  in  fig.  4  (which 
is  typical  for  this  engine)  shows  that,  in  this  partic¬ 
ular  engine,  the  bulk  of  NO  formation  takes  place 


relatively  late  in  the  stroke,  indicating  that  the  pre¬ 
mixed  combustion  contributes  only  little  and  most 
of  the  NO  is  formed  during  the  diffusion  burning 
phase.  This  result  is  in  agreement  with  theoretical 
predictions  by  the  group  of  Pitsch  et  al.  (1997). 
They  also  agree  with  recent  results  from  Dec  and 
Canaan  (1998)  and  Nakagawa  et  al.  (1997).  Im¬ 
ages  presented  by  Dec  and  Canaan  (1998)  showed 
that  NO  formation  starts  around  the  jet  periphery 
just  after  the  diffusion  flame  forms  and  continues 
in  the  hot  post-combustion  gases,  at  places  where 
the  reacting  fuel  jet  had  traveled.  However,  it  is  in 
contrast  with  the  models  that  predict  that  the  pre¬ 
mixed  combustion  has  a  large  contribution  to  the 
NO  formation  and  NOz  emissions  correlate  with  the 
amount  of  fuel  consumed  during  the  initial  premixed 
burn  as  described  in  e.g.  Heywood  (1988)  and  War- 
natz  et  al.  (1996). 

A  second  conspicuous  feature  of  the  NO  curves 
in  fig.  4  is  their  decline  towards  larger  crank  angles. 
This  can  partly  be  explained  by  the  fact  that  NO  is 
chemically  not  particularly  stable,  and  will  be  con¬ 
verted  to  N02  during  the  colder  part  of  the  stroke. 
(Note  that  Diesel  engines  operate  under  lean  condi¬ 
tions,  so  there  will  be  02  left  after  the  combustion 
has  subsided;  see  e.g.  Heywood  (1988).)  This  would 
lead  to  a  reduction  of  the  NO  content  in  the  engine, 
which  has,  in  fact,  been  predicted  by  calculations 
of  Pitsch  et  al.  (1997),  albeit  not  to  the  extent  ob¬ 
served  in  fig.  4. 

4.3  Two-dimensional  NO  distributions 

The  spectra  shown  in  fig.  3  have  some  conse¬ 
quences  for  PLIF  measurements  that  aim  at  record¬ 
ing  2D  NO  distributions.  Excitation-emission  spec¬ 
tra  recorded  in  the  two-stroke  engine  at  0  = 
43°  aTDC  have  shown  that  all  strong  NO  transi¬ 
tions  (within  the  ArF  laser  tuning  range)  lie  close 
to  some  02  resonance,  so  that  efficient  excitation  of 
NO  unavoidably  also  involves  some  overlap  with  an 
02  transition  within  the  laser  bandwidth  as  also  re¬ 
ported  by  Lee  and  Hanson  (1986)  and  Shimauchi  et 
al.  (1994).  Evidently,  since  02  excitation  can  not 
completely  be  avoided,  the  NO  band(s)  should  be 
filtered  out  of  the  total  fluorescence.  In  our  case, 
the  D(v'  =  0)  -4  X(v"  =  3)  NO  fluorescence  band 
at  208  nm  was  used  for  imaging,  because  it  lies  rel¬ 
atively  isolated  from  02  fluorescence  bands  (nearest 
neighbours  observed  at  205  nm  and  211  nm),  and 
is  also  sufficiently  distant  from  the  excitation  wave¬ 
length  to  avoid  contributions  of  Mie  scattered  laser 
radiation. 

However,  the  fluorescence  distributions  recorded 
this  way  cannot  immediately  be  interpreted  as  NO 
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Figure  5:  NO  distributions,  averaged  over  25  engine  cy¬ 
cles,  corrected  for  local  laser  intensity  variations.  Crank 
angles  are  indicated  in  the  images.  The  laser  beam  trav¬ 
els  from  left  to  right  and  fuel  is  injected  from  the  bottom 
of  the  images  upwards.  Images  are  individually  scaled. 

density  distributions,  because  the  intensity  of  the 
laser  beam  is  not  uniform  over  the  whole  image.  The 
local  laser  intensity  was  reconstructed  from  the  local 
Mie  scattered  intensity  by  the  method  briefly  dis¬ 
cussed  above.  NO  distributions  (diameter  25  mm, 
individually  scaled)  averaged  over  25  engine  cycles 
processed  for  the  local  laser  intensity  are  given  in 
figure  5.  To  the  extent  that  quenching  and  other 
collisional  energy  transfer  processes  are,  at  least  on 
average,  uniform  over  the  field  of  view,  the  images 
represent  NO  distributions  in  arbitrary  units  (that 
is,  the  local  pixel  values  are  proportional  to  the  local 
NO  density).  Since  they  are  individually  scaled  to 
enhance  contrast,  only  the  distributions  should  be 
compared,  not  the  intensities. 

For  0  )$  35°  aTDC  the  NO  fluorescence  signal 
is  weak,  and,  since  at  these  crank  angles  the  Mie 
scattering  images  used  for  reconstruction  of  the  lo¬ 


cal  laser  intensity  may  contain  a  contribution  from 
the  flame  luminosity,  the  fluorescence  distribution  is 
hard  to  interpret.  At  larger  crank  angles  the  signal 
level  improves  considerably.  The  formation  of  NO  is 
seen  to  be  concentrated  in  the  leftmost  part  of  the 
observation  area,  slowly  spreading  into  a  more  uni¬ 
form  distribution  as  the  crank  angle  increases.  At 
142°  aTDC,  when  both  inlet  and  outlet  ports  are 
open,  a  uniform  distribution  of  the  remaining  NO  is 
seen.  (Note  that  the  plane  of  observation  is  located 
high  in  the  cylinder,  whereas  the  scavenging  ports 
are  located  near  the  position  of  the  piston  at  BDC.) 
Since  also  the  distribution  of  scattering  particles  is 
concentrated  in  the  left-hand  part  of  the  observa¬ 
tion  region  (data  not  shown),  the  images  point  to 
the  occurrence  of  a  reproducible  flow  pattern  inside 
the  cylinder  of  this  engine. 

5.  CONCLUSION 

The  NO  formation  inside  the  combustion  cham¬ 
ber  of  a  DI  Diesel  engine  operated  on  standard  Diesel 
fuel  has  been  studied  throughout  the  whole  engine 
cycle  using  ArF  excimer  laser  induced  fluorescence. 
LIF  images  visualise  the  two-dimensional  NO  distri¬ 
bution  in  a  plane  located  6  mm  below  the  fuel  injec¬ 
tor.  Dispersed  fluorescence  spectra  have  been  used 
to  obtain  a  semi-quantitative  measure  (up  to  a  cal¬ 
ibration  constant)  for  the  amount  of  NO  present  in 
the  cylinder  at  any  crank  angle.  The  post-processing 
procedures  that  must  be  used  to  extract  a  NO  con¬ 
tent  from  the  LIF  signal  strength  are  discussed.  The 
results  for  this  particular  engine  show  a  relatively 
late  start  of  the  NO  formation  with  a  steep  rise  at 
about  30°  aTDC.  The  NO  content  reaches  a  max¬ 
imum  at  about  75°  aTDC  after  which  it  gradually 
decreases. 

Our  results  show  the  feasibility  of  obtaining  semi- 
quantitative  data  on  the  NO  distribution  in  a  fairly 
realistic  Diesel  engine  by  means  of  ArF  laser  diag¬ 
nostics.  Great  care  must  be  taken  to  avoid  spectro¬ 
scopic  interference  of,  particularly,  Oxygen.  In  order 
to  arrive  at  these  data,  a  number  of  assumptions  has 
had  to  be  made,  the  substantiation  of  which  has  to 
be  part  of  future  research.  Notably,  this  concerns 
i)  information  on  collisional  energy  transfer  involv¬ 
ing  both  the  ground  state  (RET)  and  the  electron¬ 
ically  excited  D2E+-state  (EET)  for  different  colli¬ 
sion  partners,  it)  data  on  pressure  broadening  and 
shifting  of  NO  absorption  lines  and  Hi)  methods  to 
assess  the  local  in-cylinder  laser  intensity. 
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ABSTRACT 

A  two-dimensional-Laser-Induced-Fluorescence 
(LIF)  system  was  developed  to  visualize  the  oil 
distribution  and  study  the  oil  transport  in  the  piston 
ring  pack  of  a  single-cylinder  diesel  engine  through 
an  optical  window  on  the  liner.  The  system  gives 
high  spatial  and  intensity  resolutions  so  that  detailed 
oil  distribution  on  the  piston  as  well  as  between  the 
rings  and  the  liner  can  be  studied.  This  work 
primarily  focused  on  investigating  different  oil 
transport  mechanisms  on  piston  second  land  under 
various  engine  operating  conditions.  Two 
mechanisms  for  the  oil  flow  on  the  second  land  were 
identified,  namely,  inertia  driven  oil  flow  in  the  axial 
direction  and  oil  dragging  by  gas  flow  in  the 
circumferential  direction.  Finally,  the  effects  of  ring 
rotation  were  investigated. 

1.  INTRODUCTION 

Reduction  of  oil  consumption  is  required  to 
satisfy  three  factors  that  currently  govern  the 
development  of  automotive  engines:  utilization  of 
hydrocarbon  resources,  protection  of  the 
environment,  and  customer  satisfaction.  It  is 
estimated  that  more  than  50%  of  the  engine  oil 
consumption  in  automotive  engines  is  from  the  piston 
ring  pack.  Consequently,  the  investigation  of  oil 
transport  mechanisms  at  the  interface  between  piston 
and  liner  is  of  critical  importance. 

The  ring  and  groove  geometry  along  with 
temperature  and  pressure  conditions  at  the  interface 
between  piston  and  liner  are  the  governing  factors  in 
oil  flow.  Due  to  lack  of  experimental  data,  the  effects 
of  these  parameters  on  oil  transport  in  the  piston  ring- 
pack  were  poorly  understood.  Thus,  accurate 
prediction  of  oil  consumption  is  nearly  impossible. 

LIF  technique  have  been  used  for  measuring  oil 
film  thickness  of  the  piston  ring-pack  for  some  time 
[Hoult  and  Takigushi  (1991),  Shaw  et  al  (1992), 


Tamai  (1995),  Casey  (1998),  Takigushi  et  al  (1998)]. 
In  early  works,  LIF  was  implemented  to  make  point 
measurements.  A  great  deal  of  knowledge  on  the  oil 
film  thickness  between  rings  and  the  liner  and  on  the 
piston  was  gained  by  using  these  systems.  However, 
the  obvious  limitation  of  point  LIF  is  that  it  can  only 
display  the  oil  film  at  one  location  and  is  thus  not 
able  to  simultaneously  show  the  oil  distribution  in  the 
piston  ring-pack.  When  one  intends  to  study  oil 
transport  in  piston  ring-pack,  it  was  often  found  to  be 
very  difficult  to  interpret  the  data  from  these 
measurements  without  knowing  the  oil  film  in  the 
surrounding  region  [Casey  (1998)]. 

Inagaki  et  al.  (1995)  developed  a  two- 
dimensional  oil  film  distribution  measuring  system, 
where  a  flash  lamp  was  used  as  the  light  source. 
Even  with  a  narrow  window,  their  system 
demonstrated  the  benefits  of  having  a  two- 
dimensional  view  of  oil  distribution  on  a  piston.  In 
the  current  study,  a  two-dimensional  oil  distribution 
measuring  system  was  developed  utilizing  a  pulsed 
laser.  The  system  was  implemented  in  a  single 
cylinder  diesel  engine  with  a  7mm  wide  window  on 
the  cylinder  liner.  Studies  were  conducted  at  varying 
engine  operating  conditions  and  utilizing  different 
ring  configurations.  Several  important  oil  transport 
mechanisms  were  identified.  Theoretical  models  are 
presented  to  describe  oil  flow  due  to  different  driving 
forces. 
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Fig.  1  Engine  Setup 


2.  EXPERIMENT  SETUP 


2. 1  Engine  Setup 

The  engine  used  in  this  study  was  a  300  cc 
Kubota  single-cylinder  diesel.  The  liner  was 
equipped  with  a  quartz  window  on  the  anti-thrust  side 
(Fig  1).  The  window  is  located  between  mid-stroke 
and  the  BDC  so  that  the  entire  axial  extent  of  the 
piston  ring-pack  can  be  observed  at  88  degree  of 
crank  angle  before  or  after  the  TDC.  The  window 
was  glued  in  the  liner  with  Epoxy.  Although,  the 
window  and  the  liner  were  honed  together  in  order  to 
obtain  a  flush  surface,  the  window  was  still  a  few 


micron  protruded  after  honing.  However,  ring 
profiles  showed  no  damage  after  more  than  20  hours 
running. 

2.2  Optical  Setup 

Laser  induced  fluorescence  was  used  to  observe 
oil  behavior  in  the  piston  ring  pack.  As  reported  by 
Rohrle  (1995),  temperature  in  the  piston  ring  pack 
can  vary  from  80°C  on  the  piston  skirt  up  to  280°C 
on  the  crown  land.  Hence,  to  resolve  all  the  regions 
in  the  piston  ring-pack,  the  sensitivity  of  the  LIF 
signal  to  oil  temperature  must  be  minimized.  The 
dyes  commonly  used  for  this  type  of  experiment  are 
Coumarin  540  and  523  [Hoult  and  Takigushi  (1991), 
Shaw  et  al  (1992),  Inagaki  et  al  (1995),  Takigushi  et 
al  (1998)].  These  dyes,  however,  are  sensitive  to 
temperature.  In  this  work,  Rhodamine  590  was 
chosen  for  its  strong  stability  with  temperature  up  to 
250°C.  The  implemented  dye  concentration  was 
5.10'4  mol/liter  of  oil.  The  wavelength  of  maximum 
absorption  for  rhodamine  590  is  528  nm. 
Accordingly,  the  second  harmonic  of  a  Nd  YAG  laser 
(532  nm)  was  used  to  excite  the  doped  oil.  The 
fluorescence  signal  was  acquired  with  an  intensified 
CCD  camera  (Princeton  Instrument  ICCD  576  SE) 
through  a  narrow  band  filter  centered  on  580  nm 
(Fig.  2).  The  purpose  of  the  narrow  band  filter  was 
to  suppress  any  effect  of  direct  reflection  from  the 
quartz  window. 

The  acquisition  frequency  was  limited  by  the 
camera  characteristics  to  1  frame  per  second.  High 
spatial  resolution  was  obtained  at  0.04  mm/pixel  (Fig 
3).  In  the  images,  the  brighter  the  signal  is,  the 
higher  the  film  thickness  is.  No  calibration  was 
attempted  in  this  work.  Therefore,  observation  were 
qualitative.  The  system  was  only  able  to  detect 
accumulation  of  the  oil  in  liquid  form.  As  described 
by  Burnett  (1992),  oil  can  also  be  vaporized  or  be 
transported  as  an  oil  mist  in  air  stream.  The  current 
system  is  not  able  to  detect  oil  in  gaseous  and  mist 
forms. 
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Fig.  3 

(a) -  Oil  distribution  image 

(b) -  Fluorescence  intensity  across  the  image 

(c) -  Ring  pack  geometry 

2.3  Test  Specifications 


oil  was  used.  Due  to  the  pollution  by  combustion 
soot,  oil  had  to  be  changed  every  8  hours. 


Fig.  5  Inertia  driven  flow  on  the  second  land 
(1200  rpm  -  no  load  -  Configuration  3). 


3.  OIL  BEHAVIOR  ANALYSIS 


For  the  experimental  results  discussed  in  this 
paper  the  engine  was  equipped  with  standard  rings. 
Three  different  ring  configurations  were  tested. 

-  Configuration  1 :  top  two  rings  pinned  with 
gaps  located  on  the  window  side  (Fig  4). 

-  Configuration  2:  top  two  rings  pinned  with 
gaps  located  on  the  side  opposite  to  the 
window  (Fig  4). 

-  Configuration  3:  standard  configuration, 

non-pinned  rings. 


Fig.4  Ring  gap  location  in  configurations  1  and  2. 

Experiments  were  conducted  from  1200  rpm  to 
2800  rpm  and  from  no  load  to  60%  load.  Coolant 
temperature  was  kept  constant  at  50°C.  SAE  10W30 


Images  acquired  in  configuration  3  during  the 
four  strokes  of  a  engine  cycle,  at  1200  and  1700  rpm, 
and  no  load,  have  shown  two  important  types  of  oil 
flows  occurring  on  the  piston  second  land: 

1-  Oil  flow  in  the  cylinder  axis  direction, 

2-  Oil  flow  around  the  piston  circumference. 

3.1  Oil  Flow  in  the  Axial  Direction 

Oil  flow  in  the  axial  direction,  driven  by  the 
inertia  force  due  to  piston  acceleration/deceleration 
was  observed.  The  images  shown  in  Figure  5  were 
acquired  around  mid-stroke  during  the  compression 
and  exhaust  strokes.  The  direction  of  the  inertia 
force  switches  to  the  downward  direction  after  the 
middle  of  the  down-strokes  until  the  middle  of  the 
next  up-stroke.  Since  the  images  are  acquired  at  88 
degree  before  the  TDC  for  both  compression  and 
exhaust  stroke,  they  should  show  the  maximum 
effects  of  downward  inertia  force  on  the  oil 
accumulation.  As  seen  in  figure  5,  the  pattern  of  the 
oil  accumulation  below  the  top  ring  clearly  shows 
that  the  oil  was  moving  toward  the  second  ring. 

The  velocity  of  oil  moving  on  a  flat  area  under 
inertia  force  can  be  estimated  from  Tian  (1995). 
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a.h 

Vca=—  (Eq.l) 

where  V:  Oil  velocity. 

a :  Acceleration . 

h  :  Thickness  of  the  oil  accumulation. 

V  :  Kinematic  viscosity. 

This  equation  can  be  established  from  a  balance 
of  inertia  and  shear  stress,  and  neglecting  the  effect  of 
surface  tension.  The  displacement  of  oil 
accumulation  during  the  period  between  a  mid  down- 
stroke  and  mid  up-stroke  (180  crank  angle  degrees) 
was  calculated  at  1200  rpm  for  two  different  oil 
accumulation  thickness: 

■  h  =  10  pm,  oil  displacement  =  0.3  mm 

■  h  =  20  pm,  oil  displacement  =  4  mm. 

These  results  show  a  very  strong  effect  of  oil 
film  thickness  on  the  oil  velocity.  During  the 
experiments  with  non-pinned  rings  (configuration  3), 
the  thickness  of  the  oil  on  the  piston  second  land  was 
changing  continuously  so  that  it  was  possible  to  see 
different  oil  accumulation  patterns  at  different  oil 
film  thickness.  As  shown  in  figure  6,  with  a  thicker 
oil  film  thickness  on  the  second  land  (bottom  figure), 
indicated  by  a  strong  fluorescence  signal,  oil  motion 
could  be  identified  from  the  oil  pattern.  In  the  top 
figure  where  a  thinner  oil  film  thickness  exists,  no  oil 
flow  in  the  axial  direction  was  observed. 

One  characteristics  of  the  inertia  driven  oil  flow 
is  that  the  net  displacement  of  the  oil  in  the  axial 
direction  over  an  engine  cycle  is  not  significant,  as 
inertia  switches  direction  after  every  half  engine 
revolution.  Unless  the  film  thickness  is  large  enough 
so  that  inertia  can  drive  the  oil  out  of  the  second  land, 
oil  would  always  move  back  and  forth  on  the  second 
land. 

3.2  Oil  Transport  in  the  Axial  Direction 

Strong  oil  motion  around  the  piston 
circumference  was  observed  on  the  second  land.  The 
images  shown  in  figure  7  were  acquired  10  engine 
cycles  apart.  A  clear  3  mm/s  circumferential  flow 
can  be  identified  on  the  second  land. 


INERTIA  -> 


Thin  Oil  accumulation 


Thick  Oil  accumulation 


Fig.  6  Inertia  driven  flow  on  the  second  land 
(1200  rpm  -  no  load  -  Configuration  3). 


Fig.  7  Oil  transport  on  the  second  land  in  the 
circumferential  direction. 

(1200  rpm  -  no  load  -  Configuration  3) 


The  oil  flow  in  the  circumferential  direction  can 
be  driven  by  the  gas  flow.  When  the  cylinder 
pressure  is  high,  there  is  a  gas  flow  on  the  second 
land  from  the  top  ring  gap  to  the  second  ring  gap. 
The  shear  stress  at  the  interface  of  gas  and  oil  drags 
the  oil  along  with  gas.  Here,  estimation  is  made  to 
relate  the  velocity  of  the  oil  flow  to  the  gas  flow  by 
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balancing  the  shear  stress  at  the  gas-oil  interface. 
Because  the  clearance  between  the  second  land  and 
the  liner  is  of  the  order  of  0.2  mm  and  the  axial  width 
of  the  second  land  is  of  the  order  of  3mm,  the  gas 
flow  in  the  circumferential  direction  can  be 
approximated  as  uniform  across  the  axial  extent  of 
the  second  land.  Thus,  the  Reynolds  number  of  the 
gas  flow  in  the  channel  between  the  second  land  the 
liner  can  be  estimated  as: 


Re  = 


Vp_ 

L/n 


where  V  :  Volumetric  flow  rate, 
p  :  Gas  density, 
p  :  Gas  viscosity. 

L  :  Axial  width  of  the  second  land. 


Using  the  blow-by  value  of  this  engine  as  the 
estimation  of  the  volumetric  flow  rate  V  ,  we  found 
that  the  Reynolds  number  is  below  1000. 
Consequently,  the  gas  flow  in  the  second  land  is 
laminar.  Approximating  the  gas  flow  in  the  second 
land  as  a  Poiseuille  flow  and  the  oil  flow  as  a  Couette 
flow,  balancing  the  shear  stress  at  the  gas/oil  interface 
gives  the  following  relationship: 


-shear  stress  balance: 


dP_  V 
dx  2 


V 


oil 


(Eq.  2) 


where 

P  :  Pressure. 

Voi)  :  Oil  velocity  at  the  gas/oil  interface. 

Hgas :  Thickness  of  the  gas  layer  between  the 
piston  and  the  liner. 

Hoii  :  Thickness  of  the  oil  layer  on  the  second 
land. 


V  =  ■ 


dP 


12  ■  ji  dx 


(Eq.  3) 


-  Combining  Eq.  2  and  3,  we  obtained: 


V0U 


6-V-h* 


Assuming  an  oil  film  thickness  of  40  pm,  the 
calculated  oil  velocity  is  about  2  mm/s.  This  result  is 
of  the  same  order  of  magnitude  as  the  observed 
velocity.  Consequently,  it  can  be  concluded  that  the 


gas  dragging  effect  is  the  main  force  driving  oil  in  the 
circumferential  direction. 

There  are  two  characteristics  of  this  oil  flow 
dragged  by  the  gas  flow: 

•  After  one  engine  cycle,  positive  blow-by  implies 
that  there  is  more  gas  flow  from  the  top  ring  gap 
to  the  second  ring  gap  than  the  other  way  around 
despite  a  reversed  gas  flow  starts  at  around  50 
degree  after  the  TDC  of  the  expansion  stroke. 
Thus,  the  mean  oil  transport  due  to  the  gas 
dragging  effect  is  directed  toward  the  third  land. 

•  When  gas  flows  down  through  the  top  ring  gap 
during  the  later  part  of  the  compression  stroke 
and  early  part  of  the  expansion  stroke,  the 
pressure  difference  between  the  combustion 
chamber  and  second  land  pressure  is  high  (Fig. 
8).  Consequently,  the  downward  gas  flow 
through  the  top  ring  gap  is  usually  choked.  Thus, 
the  gas  velocity  in  the  second  land  and  oil 
velocity  moving  by  gas  dragging  is  constant  with 
engine  speed.  The  results  shown  in  Figure  8 
have  been  computed  using  MIT  models 
developed  by  Tian  (1996). 


Fig.  8  Mass  gas  flow  through  the  top  two  ring  gaps 
and  pressure  difference  at  the  top  ring  gap. 
(1200  rpm  -  no  load  ). 
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Fig  9  -  Oil  flow  through  the  scraper  ring  gap 
(1200  rpm  -  no  load  -  compression  stroke  - 
Configuration  3). 


Occasionally,  a  clear  oil  flow  pattern  just  above 
the  second  ring  gap  is  observed  when  the  second  ring 
gap  rotates  to  the  window  location.  As  shown  in 
Figure  9,  oil  is  pulled  toward  the  scraper  ring  gap  by 
the  gas  flow  during  the  compression  stroke.  However, 
no  oil  accumulation  was  detected  in  the  third  land 
just  below  the  second  ring  gap  (Figure  10).  The 
reason  is  that  the  high  velocity  gas  flow  in  the  gap  is 
able  to  break  up  the  oil  and  create  an  oil  mist.  Oil 
mist  can  not  be  observed  on  the  third  land  due  to  low 
dye  concentration. 


Fig.  10  Oil  break  up  in  the  scraper  ring  gap, 
(1200  rpm  -  no  load  -  compression  stroke  - 
Configuration  3). 

3.3  Comparison  between  Inertia  and  Gas  Dragging 
Effect 

Using  the  equation  proposed  to  evaluate 
velocity  of  oil  motion  on  the  second  land  in  the  axial 
direction,  the  contribution  of  inertia  and  gas  dragging 
effects  was  compared.  The  following  assumptions 
were  made: 

-  second  land  width  3  mm, 


-  oil  accumulation  lying  in  the  middle  of  the 
second  land, 

-  constant  blow-by  gas  velocity  on  the 
second  land. 

If  the  alternating  oil  motion  induced  by  inertia  is 
not  strong  enough  for  the  oil  to  reach  either  a  ring  or 
a  groove,  the  mean  oil  axial  displacement  will  be 
zero.  In  this  case,  the  gas  dragging  effect,  which 
continuously  drives  the  oil  toward  the  scraper  ring 
gap,  is  the  main  oil  transport  mechanism  on  the 
second  land.  If  inertia  can  push  the  oil  in  one  of  the 
two  top  ring  grooves  within  half  an  engine  revolution, 
however,  the  major  flow  is  in  the  axial  direction  and 
the  inertia  driven  transport  becomes  the  dominant 
one.  In  figure  16,  a  line  is  drawn  to  separate  two 
regions  where  different  oil  transport  mechanisms 
dominate,  based  on  Eq.  2.  In  the  domain  where 
inertia  effect  is  dominant,  oil  can  be  moved  across  the 
second  land  and  possibly  be  transported  into  the 
grooves  of  the  top  two  rings.  Part  of  the  oil  that 
flows  into  the  top  ring  groove  then  can  be  transported 
to  the  crown  land  and  consumed.  In  the  other 
domain,  the  effect  of  gas  dragging  is  the  main 
mechanism  of  oil  transport  in  the  second  land.  Effect 
of  the  gas  dragging  eventually  removes  the  oil  out  of 
the  second  land  through  the  ring  gaps. 


Fig  16  -  Comparison  of  gas  dragging  and  inertia 
effect  on  oil  transport  on  the  second  land. 
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4.  EFFECTS  OF  RING  GAP  LOCATION  AND 
RING  ROTATION  ON  SECOND-LAND  OIL 
DISTRIBUTION 

4.1  Oil  Behavior  in  Configuration  1 

In  configuration  1  (Fig.  4),  the  two  top  ring  gaps 
were  located  on  the  thrust-side,  away  from  the 
window.  In  this  configuration,  strong  gas  flows  do 
not  occur  on  the  second  land  in  front  of  the 
observation  window.  In  this  case,  oil  motion  on  the 
second  land  only  occurred  in  the  axial  direction. 

4.2  Oil  Behavior  in  Configuration  2 

In  configuration  2  (Fig.  4),  the  top  two  ring  gaps 
were  located  on  each  side  of  the  window,  7  mm  away 
from  the  window  edges.  In  this  configuration,  the 
main  gas  flow  on  the  second  land  occurs  within  the 
observation  window  on  the  anti-thrust  side.  When 
the  two  rings  were  pinned  in  configuration  2,  no  oil 
accumulation  was  detected  on  the  piston  second  land. 
The  strong  gas  flow  which  occurs  between  the  two 
top  ring  gaps  when  they  are  close  to  each  other 
carries  oil  into  the  third  land  and  thus  leaves  no  oil 
accumulation  on  the  second  land  at  the  window 
location. 

4.3  Ring  Rotation  Effect 

In  the  experiments  with  non-pinned  rings 
(configuration  3),  strong  unsteady  oil  transport  was 
observed.  The  amount  of  oil  accumulated  on  the 
second  land  changed  significantly  over  several 
minutes  whereas  engine  parameters  were  kept 
constant.  In  the  experiments  conducted  with  the  two 
top  rings  pinned,  however,  the  oil  distribution  on  the 
second  land  was  steady.  Therefore,  it  was  concluded 
that  ring  rotation  was  responsible  for  unsteady  oil 
accumulation  and  oil  transport  on  the  second  land. 

5.  CONCLUSIONS 

A  two-dimensional  visualization  system  using 
laser-induced-fluorescence  was  developed  to  provide 
detailed  images  of  oil  distribution  in  the  piston  ring 
pack  of  a  single  cylinder  diesel  engine.  Several 
mechanisms  of  liquid  oil  transport  on  the  piston 
second  land  were  identified  and  studied. 

Oil  was  observed  moving  on  the  second  land  in 
both  axial  and  cicumferential  direction. 

1-  Oil  moves  in  the  axial  direction  when  the 
lubricant  accumulation  is  thick.  This  was 


found  to  be  consistent  with  the  fact  that  inertia 
driven  flows  are  strongly  dependent  on  oil 
accumulation  thickness. 

2-  It  was  observed  that  the  blow-by  gas  flow 
drags  the  oil  on  the  second  land  in  the 
circumferential  direction.  This  phenomena 
creates  oil  accumulation  around  the  second 
ring  gap. 

Comparison  of  both  phenomena  showed  that  the 
gas  dragging  effect  should  over  take  inertia  effects  at 
high  engine  speed. 

Finally  ring  rotation  was  found  to  be  responsible 
for  unsteady  oil  behavior  on  the  second  land. 
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ABSTRACT 

The  mean  velocity  field  of  unventilated  two 
parallel  plane  jets  for  large  nozzle  spacing  ratios  has 
been  studied  using  a  two-component  laser  Doppler 
anemometer.  Results  show  that  by  comparison  with 
small  s/w  (less  than  5),  the  interactions  between  the 
inner  shear  layer  and  the  recirculation  zone  for  large 
s/w  are  weaker.  The  initial  peaks  of  turbulence 
intensities  and  Reynolds  shear  stress  corresponding  to 
the  nozzle  inner  and  outer  edges  tend  to  persist 
downstream  from  the  location  of  the  vortex  centre 
without  being  overwhelmed  by  the  influences  caused 
by  the  recirculating  flow  in  the  recirculation  zone.  The 
lateral  turbulence  intensities  and  Reynolds  shear  stress 
in  the  outer  shear  layer  spread  and  decay  more  rapidly 
than  in  the  inner  shear  layer.  The  attraction  of  the  two 
individual  jets  towards  each  other  is  clearly  illustrated 
by  the  mean  velocity  vector  field  and  supported  by 
static  pressure  measurements.  Comparisons  of  the 
results  of  the  unventilated  jets  with  those  of  ventilated 
jets  in  the  literature  indicate  there  is  no  recirculation 
zone  in  the  ventilated  jets  and  the  unventilated  jets 
combine  to  develop  into  a  single  free  jet  much  earlier 
than  ventilated  jets. 

1.  INTRODUCTION 

Two  parallel  plane  jets  play  an  important  role  in 
numerous  technological  applications  such  as 
entrainment  and  mixing  processes  in  boiler  and  gas 
turbine  combustion  chambers  and  injection  systems 
and  thrust-augmenting  ejectors  for  V/STOL  aircraft. 
The  flow  patterns  of  unventilated  two  parallel  plane 
jets  are  shown  schematically  in  Fig.  1.  Here,  two 
identical  plane  nozzles  each  of  width  w  are  separated  in 
the  lateral  (y)  direction  by  a  distance  s,  giving  a  nozzle 


spacing  ratio  of  s/w.  The  origin  of  the  Cartesian 
coordinate  system  (x-y)  is  located  at  the  nozzle  plate 
and  the  x-axis  is  in  the  plane  of  symmetry  which  bisects 
the  two  nozzles.  Owing  to  the  mutual  entrainment 
between  the  two  jets,  a  sub-atmospheric  pressure  zone 
is  formed  close  to  the  nozzle  plate.  The  sub- 
atmospheric  pressure  causes  individual  jets  to  curve 
towards  each  other  in  a  region  close  to  the  nozzle  plate 
known  as  the  converging  region.  In  the  recirculation 
zone,  the  mean  streamwise  velocity  on  the  x-axis  (UJ 

is  negative.  The  two  inner  shear  layers  merge  at  the 
merging  point  (mp)  where  U.  is  zero.  Downstream 

from  the  merging  point,  in  the  merging  region,  the  two 
jets  continue  to  interact  with  each  other  and  U^ 

increases  until  it  reaches  a  maximum  value  (U  )  at 

cmax 

the  combined  point  (cp).  The  streamwise  distances 
from  the  nozzle  plate  to  the  merging  and  combined 
points  are  referred  to  as  the  merging  length  (x^)  and 
the  combined  length  (x^)  respectively.  Downstream 

from  the  combined  point  is  the  combined  region  where 
the  two  jets  combine  together  to  resemble  a  single  free 
jet  flow. 

Although  two  parallel  plane  jets  have  been 
experimentally  investigated  by  many  researchers  such 
as  Miller  and  Comings  (1960),  Tanaka  (1970,  1974), 
Murai  et  al.  (1976).  Militzer  (1977),  Ko  and  Lau 
(1989)  and  Lin  and  Sheu  (1990,  1991),  these  studies 
were  conducted  using  either  hot-wire  or  Pitot  tube 
which  are  subject  to  severe  errors  in  the  converging 
and  merging  regions.  Recently,  two  component  LDA 
measurements  of  unventilated  two  parallel  plane  jets 
were  reported  by  Nasr  &  Lai  (1997a,  b,  c)  for  small  s/w 
(less  than  5).  By  examining  the  strength  of  the 
interactions  between  the  recirculating  flow  and  the 
inner  shear  layer  in  terms  of  the  turbulence  intensities 
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and  Reynolds  shear  stress  distributions  for  various  s/w, 
Nasr  &  Lai  (1997b)  classified  unventilated  two  parallel 
plane  jets  into  weakly  interacting  and  strongly 
interacting  jets  according  to  whether  s/w  exceeds  5. 


Fig.  1  Schematic  of  unventilated  two  parallel  plane  jets. 


Details  of  strongly  interacting  two  parallel  plane 
jets  for  s/w  less  than  5  are  given  by  Nasr  &  Lai 
(1997b).  The  primary  objective  of  this  paper  is, 
therefore,  to  present  the  velocity  field  of  weakly 
interacting  unventilated  two  parallel  plane  jets  with 
large  nozzle  spacing  ratio  (namely,  s/w=7.5  and  11.25) 
measured  with  a  two-component  laser  Doppler 
anemometer  (LDA)  for  a  nozzle  exit  Reynolds  number 
of  11,000.  These  data  are  hitherto  not  available  in  the 
literature  and  will  provide  a  useful  database  for 
validating  turbulence  models  for  complex  shear  flows. 
Comparisons  are  also  made  with  ventilated  two  parallel 
plane  jets. 

2.  APPARATUS  AND  EXPERIMENTAL 

CONDITIONS 

Experiments  were  conducted  for  two-dimensional 
nozzles  each  with  width  6  mm  and  two  different  nozzle 
spacing  ratios,  namely,  s/w=7.5  and  11.25.  The  nozzle 
exit  Reynolds  number  was  11,000  and  the  exit 
streamwise  turbulence  intensity  was  2%  at  the  centre¬ 
line.  Velocity  measurements  were  made  with  a  two- 
component  Dantech  LDA  and  were  corrected  with  the 
residence  time  weighting  function.  The  uncertainty  in 
mean  velocities  and  turbulence  intensities  is  within  ± 
0.08  m/s  and  that  of  Reynolds  shear  stress  is  within 
+  0.4  m2/s2.  In  order  to  measure  the  static  pressure 
distributions  in  the  jets,  a  disc  type  static  pressure 
probe  was  designed  and  validated  against  a  standard 
Pitot-static  tube  in  the  test  section  of  a  low  turbulence 


subsonic  wind  tunnel.  Detailed  experimental 
procedures  and  experimental  set-up  were  given  by  Nasr 
&  Lai  (1996,  1977a). 


3.  RESULTS 

3.1  Mean  flow  characteristics  at  the  nozzle  exit 

Figure  2  displays  the  nozzle  exit  conditions  for 
unventilated  two  parallel  plane  jets  with  s/w  =  7.5  and 
11.25.  Here,  the  origin  of  the  coordinate  system  is 
located  at  the  nozzle  inner  edge.  The  streamwise 
velocity  profiles  (Fig.  2a)  have  a  top-hat  shape  similar 
to  that  of  a  single  free  jet  flow,  thus  indicating  the 
existence  of  a  potential  core  in  the  main  flow  near  the 
nozzle  plate.  The  exit  streamwise  velocity  near  the 
nozzle  inner  edge  is  slightly  higher  for  s/w  =  7.5  than 
for  s/w  =  11.25,  indicating  higher  flow  acceleration  due 
to  the  sub-atmospheric  pressure  zone  near  the  nozzle 
plate.  The  lateral  velocity  profiles  at  the  nozzle  exit  in 
Fig.  2(b)  show  that  the  individual  jet  deflects  towards 
the  x-axis  even  at  the  exit  plane.  Higher  flow 
deflection  can  be  observed  for  s/w  =  7.5  as  the  lateral 
velocity  is  negative  across  over  90%  of  the  nozzle 
width  at  the  nozzle  exit.  For  s/w=  11.25,  both 
streamwise  and  lateral  velocity  profiles  at  the  nozzle 
exit  appear  to  be  similar  to  those  of  a  single  free  jet. 
This  is  deduced  from  the  observation  of  both  positive 
and  negative  mean  lateral  velocity  at  the  nozzle  exit  in 
the  outer  and  inner  edges  of  the  jet.  The  distributions  of 
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the  streamwise  and  lateral  turbulence  intensities  at  the 
nozzle  exit  in  Figs.  2(c)  and  (d)  show  that  their  values 
at  the  central  streamline  and  at  the  nozzle  exit  are  quite 
low,  being  about  2  %.  The  peaks  of  u'/l^  and  v'fU^  in 

these  figures  identify  the  inner  and  outer  shear  layers  at 
the  nozzle  exit. 


(a)  s/w=7.5 


(b)  s/w=  11.25 

Fig.  3  Mean  velocity  vectors. 


3.2  Mean  velocity  vectors 

The  mean  velocity  vector  field  of  two  parallel  jets 

for  s/w  =  7.5  and  11.25  is  shown  in  Fig.  3.  These 

vectors  have  been  determined  from  the  simultaneous 

measurements  of  mean  streamwise  and  lateral  velocity 

components.  Reversed  flow  and  streamline  deflection 

towards  the  x-axis  are  evident.  The  dividing 

streamline,  standing  vortex  centre  and  merging  point 

can  be  easily  identified.  The  merging  length  is  found 

to  be  about  8.3w  for  s/w=7.5  compared  with  12.5w  for 

s/w=  11.25.  The  absolute  magnitude  of  the  reversed 

flow  along  the  x-axis  increases  downstream  from  the 

nozzle  plate  until  it  reaches  a  maximum  value  of  about 

0.17U  at  a  streamwise  distance  corresponding  to  the 
0 

location  of  the  standing  vortex  centre  (x  /w  =  5.25)  for 

VC 

s/w=7.5.  These  compare  with  0.23U  at  (x  /w  =  9, 

0  vc 


yvc/w  =2)  for  s/w=l  1.25.  U  then  decreases  as  the  flow 

proceeds  downstream  and  becomes  zero  at  the  merging 
point.  The  mean  streamwise  velocity  along  the  x-axis 
then  increases  downstream  from  the  merging  point  until 
it  becomes  maximum  at  the  combined  point. 


3.3  Mean  streamwise  velocity  distributions  along 
the  x-axis 

The  distributions  of  the  mean  streamwise  velocity 
along  the  x-axis,  U  /U  ,  are  shown  in  Fig.  4  for  s/w  = 

CO 

7.5  and  11.25.  The  negative  mean  streamwise  velocity 
close  to  the  nozzle  plate  for  both  jet  configurations 
indicates  the  existence  of  contra-rotating  standing 
vortices  which  recirculate  air  on  the  concave  side  of  the 
jets.  The  magnitude  of  the  maximum  negative  velocity 
along  the  x-axis  for  s/w  =  7.5  is  less  than  that  for  s/w  = 
1 1.25.  The  merging  point  for  each  s/w,  where  U  /U  is 

zero,  can  be  identified  by  the  intersection  of  the  zero 
velocity  dashed  line  with  the  corresponding  velocity 
profile.  Due  to  the  interaction  of  the  two  jets,  the 
velocity  along  the  x-axis  then  increases  from  the 
merging  point  and  becomes  maximum  at  the  combined 
point,  where  the  two  jets  combine  together  to  resemble 
a  single  jet  flow.  It  can  be  seen  from  Fig.  4  that,  the 
maximum  mean  streamwise  velocity  along  the  x-axis  at 
the  combined  point,  U  /U  ,  is  less  for  s/w  =  11.25. 

cmax  o 

This  is  because  the  jet  width  is  greater  at  the  combined 
point  for  larger  s/w.  However,  the  velocity  decay  rate 
along  the  x-axis  downstream  from  the  combined  point 
seems  to  be  nearly  the  same  for  both  s/w. 

3.4  Turbulence  intensity  distributions  along  the  x- 
axis 

Distributions  of  streamwise  and  lateral  turbulence 
intensity  on  the  x-axis,  (u'  /U  and  v'  /U  )  are  shown  in 

Figs.  5(a)  and  (b)  respectively  for  s/w  =  7.5,  11.25  and 
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0  (single  jet).  It  can  be  seen  that,  u'^/U^  increases  with 

x/w  up  to  a  point  immediately  downstream  from  the 
merging  point  where  high  velocity  streamlines  collide. 
The  streamwise  turbulence  intensity  then  decreases  as 
the  flow  proceeds  further  downstream  and  its  decay 
approaches  that  of  a  single  free  jet.  The  reduction  of 
the  streamwise  turbulence  intensity  in  the  merging 
region  close  to  the  combined  point  is  primarily  due  to 
the  relaxation  effect  of  the  merging  processes  on  the 
turbulence  activities.  Fig.  5(a)  also  indicates  that  the 
maximum  value  of  u'  /U  is  significantly  greater  for  s/w 

C  O 

=  7.5  than  for  11.25.  Similar  to  u’  /U  ,  v'  /U  increases 

coco 

with  x/w  and  reaches  a  maximum  value  immediately 
downstream  of  the  merging  point  where  the  flow 
collision  is  maximum.  The  value  of  the  maximum 
lateral  turbulence  intensity  is  slightly  less  for  s/w  = 
11.25  than  7.5.  As  the  flow  proceeds  downstream,  the 
decay  of  v'  /U  approaches  that  of  a  single  free  jet. 

C  O 

Comparison  between  Figs.  5(a)  and  (b)  reveals  that, 
v'  /U  is  considerably  higher  than  u’  /U  for  both  s/w 

CO  CO 

because  of  higher  momentum  transfer  in  the  lateral 
direction  in  the  merging  region. 


(a)  Streamwise  turbulence  intensity. 


(b)  Lateral  turbulence  intensity. 

Fig.  5  Distribution  of  the  turbulence  intensity  on  the  x- 
axis  for  various  s/w. 


3.5  Spatial  distribution  of  streamwise  turbulence 

intensity 

Contours  of  normalised  streamwise  turbulence 
intensity,  u'/U0,  in  the  converging  and  merging  regions 
are  depicted  in  Figs.  6(a)  and  (b)  for  s/w  =  7.5  and 
11.25  respectively.  The  inner  and  outer  shear  layers 
can  be  clearly  identified  by  the  u'/U0  peaks.  Unlike 

the  two  parallel  jets  of  s/w  =  2.5  and  4.25,  discussed  in 
Nasr  &  Lai  (1997b)  where  the  inner  shear  layer  initial 
peaks  were  overwhelmed  by  the  strong  effects  of  the 
recirculating  flow,  they  persist  downstream  beyond  the 
standing  vortex  centre  (xvc/w  =  5.25  and  9  for  s/w  = 

7.5  and  11.25  respectively).  An  additional  small  peak 
in  u’/U0  within  the  recirculating  flow  region  can  be 
detected  at  x/w  =  6  (Fig.  6a).  Due  to  the  mutual 
interaction  between  the  inner  and  outer  shear  layers, 
their  peaks  begin  to  merge  by  x/w  =  8.  It  can  be 
observed  that  further  downstream  from  the  merging 
point  (x  /w  =  8.3  and  12.5  for  s/w  =  7.5  and  11.25 

respectively),  the  turbulence  in  the  central  region  of  the 
flow  decreases  owing  to  the  relaxation  effect  of  the 
merging  process.  Downstream  from  the  combined 
point,  in  the  combined  region,  the  streamwise 
turbulence  intensities  normalised  by  the  local 
maximum  mean  streamwise  velocity  follow  those  of  a 
single  free  jet. 
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(b)s/w=  11.25 

Fig.  6  Contours  of  streamwise  turbulence  intensity. 
Fig.  6  also  shows  that  u'/Uo  in  the  inner  shear  layer 

peak  is  slightly  higher  than  that  in  the  outer  shear  layer. 
As  the  flow  proceeds  downstream,  the  magnitude  of  the 
inner  and  outer  shear  layer  peaks  approaches  each 
other. 


Fig.  7  Contours  of  lateral  turbulence  intensity. 


3.6  Spatial  distribution  of  lateral  turbulence 
intensity 

Figures  7(a)  and  (b)  display  the  contours  of  the 
lateral  turbulence  intensity  v'/Uo  for  s/w  =  7.5  and 

11.25  respectively.  The  initial  peak  of  vVU^ 

corresponding  to  the  lip  of  the  nozzle  outlet  is  smaller 
in  the  outer  shear  layer  than  in  the  inner  shear  layer. 
This  is  due  to  the  initial  convergence  of  the  jet  towards 
the  x-axis  close  to  the  nozzle  plate  as  a  result  of  the 
lateral  pressure  gradient.  As  the  jets  curve  towards  the 
x-axis,  the  two  peaks  slowly  disappear  and  by  x/w  •  8 
and  12  for  s/w  =  7.5  and  11.25  respectively,  v’/U^ 

becomes  maximum  due  to  the  collision  of  the  two  inner 

shear  layers  on  both  sides  of  the  x-axis.  Comparison  of 

u'/U  and  vVU  in  Figs.  6  and  7  reveals  that, 
0  0 

downstream  from  merging  point,  v'/Uq  is  larger  than 
u'/U0  in  the  vicinity  of  the  x-axis.  However  u'/U^  is 
considerably  higher  than  v'/U  in  the  outer  part  of  the 

flow.  Hence,  strictly  speaking,  the  turbulence  field  is 
not  isotropic  like  a  single  free  jet. 


Fig.  8  Contours  of  Reynolds  shear  stress. 
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3.7  Spatial  distribution  of  Reynolds  shear  stress 

Contours  of  the  normalised  Reynolds  shear  stress, 

-  uv  /Uq  are  shown  in  Figs.  8(a)  and  (b)  for  s/w  =  7.5 
and  11.25  respectively.  The  positive  and  negative 
Reynolds  shear  stresses  indicate  the  outward  and 
inward  momentum  transfer  in  the  outer  and  inner  shear 
layers  respectively.  As  the  jet  curves  towards  the  x- 

axis,  the  outer  shear  layer  peak  of  -  uv  /U0  becomes 
less  distinct.  On  the  other  hand,  as  the  inner  shear 
layer  develops,  its  peak  first  decreases  with 
downstream  distance  and  then  increases  to  a  maximum 
value  around  the  merging  point  where  the  momentum 
transfer  is  maximum,  owing  to  the  collision  of  the  two 
inner  shear  layers  on  both  sides  of  the  x-axis. 

3.8  Static  pressure  measurements 

Figure  9  shows  the  lateral  distributions  of  the 
mean  static  pressure  P/Pq  measured  with  a  disc  type 

static  pressure  probe  at  x/w  =  0.5  for  s/w  =  7.5  and 

11.25.  Compared  with  strongly  interacting  two  parallel 
jets  of  s/w  =  2.5  and  4.25  reported  by  Nasr  &  Lai 
(1997b),  the  static  pressure  in  the  recirculation  zone 
close  to  the  nozzle  plate  is  considerably  higher  for 
weakly  interacting  jets  than  for  strongly  interacting  jets. 
Unlike  strongly  interacting  two  parallel  jets  where  the 
static  pressure  increases  continuously  from  the  x-axis 
to  the  outer  edge  of  the  jet,  P/Pq  is  nearly  constant 

along  the  lateral  direction  in  the  recirculation  zone 
close  to  the  nozzle  plate.  For  both  s/w  =  7.5  and 

11.25,  in  the  region  close  to  the  inner  edge  of  the  jet, 
the  static  pressure  increases  and  then  decreases  again  in 
the  main  flow  before  recovering  to  atmospheric 
pressure  at  the  outer  edge  of  the  jet. 


Fig.  9  Static  pressure  distribution  at  x/w=0.5 
for  various  s/w. 


Fig.  10  Static  pressure  distribution  on  the  x-axis 
for  various  s/w. 

Distributions  of  the  normalised  mean  static 
pressure  along  the  x-axis  P_/Pq  are  presented  in  Fig.  10 

for  s/w  =  7.5  and  11.25.  For  s/w=7.5  and  11.25,  the 
static  pressure  along  the  x-axis  behaves  quite  similar  to 
that  of  strongly  interacting  jets  (s/w  =  4.25).  However, 
the  positive  and  negative  peaks  of  Pc/Pq  are  relatively 

smaller  than  the  corresponding  peaks  observed  for  s/w 
=  4.25. 

3.9  Comparison  of  unventilated  and  ventilated  two 

parallel  plane  jets 

Unlike  unventilated  two  parallel  jets  (Fig.  1) 
where  the  surrounding  air  entrainment  between  the  two 
jets  is  prevented  by  the  nozzle  plate,  the  inter-jet 
entrainment  in  ventilated  jets  (secondary  flow)  issuing 
from  free-standing  nozzles  eliminates  the  formation  of 
standing  vortices  (recirculating  flow  region)  upstream 
of  the  merging  point.  Owing  to  a  higher  static  pressure 
in  the  zone  between  the  two  jets  in  the  converging 
region,  the  flow  curvature  in  the  ventilated  two  parallel 
jets  is  less  than  that  in  the  unventilated  jets.  It  is 
generally  accepted  that,  in  the  combined  region,  both 
unventilated  and  ventilated  two  parallel  jets  resemble  a 
single  free  jet.  In  the  near  field,  however,  the  flow 
properties  of  unventilated  and  ventilated  jets  are  quite 
different  from  each  other.  This  has  not  been 
quantitatively  examined  by  previous  researchers  and 
will,  therefore,  be  considered  here. 

Figure  11  depicts  the  mean  streamwise  velocity 
profiles  U/U  for  unventilated  two  parallel  jets  with  s/w 

-  n.25  and  those  of  ventilated  jets  with  s/w  =  12.5 
measured  by  Elbanna  et  al.  (1983)  using  constant 
temperature  hot-wire  anemometry.  Here,  the  ordinate 
is  normalised  by  the  lateral  distance  (s)  between  the 
nozzles.  Except  in  the  region  between  the  two  jets 
where  U/U  is  higher  for  ventilated  parallel  jets, 

O 

downstream  from  the  nozzle  exit  plane  up  to  x/w  =  7 
the  profiles  of  the  mean  streamwise  velocity  in  the 
main  jet  are  quite  similar  for  both  jet  configurations. 
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However,  the  effect  of  a  higher  flow  curvature  for 
unventilated  jets  is  evident  at  x/w  =  10  and  15  as  the 
velocity  profiles  are  deflected  more  towards  the  x-axis. 
It  can  be  observed  from  Fig.  1 1  that,  near  the  nozzle 
exit,  the  decay  of  the  local  maximum  streamwise 
velocity  U  /U  is  similar  for  both  unventilated  and 

mo 

ventilated  jets  and  as  the  flow  approaches  the  merging 
point,  it  becomes  greater  for  the  former. 

Fig.  12  compares  the  LDA  results  of  the  mean 
streamwise  velocity  along  the  x-axis,  U  /U  ,  for 

unventilated  two  parallel  jets  with  s/w  =  11.25  with  the 
hot-wire  results  of  Elbanna  et  al.  (1983)  for  ventilated 
two  parallel  plane  jets  with  s/w  =  12.5.  It  can  be  seen 
that,  for  ventilated  jets,  the  normalised  secondary  flow 
velocity  along  the  x-axis,  U  /U  ,  is  about  0. 14  at  the 

nozzle  exit  and  decreases  with  x/w  down  to  a  value  of 
about  0.06  at  the  merging  point  (x  /w  =  12). 

mp 

Downstream  from  the  merging  point,  U/U^  begins  to 

increase  with  x/w  up  to  a  maximum  value  of  about 
U  /U  =  0.42  at  the  combined  point  (x  /w  =  30).  On 

cmax  o  cp 


the  other  hand,  for  the  unventilated  two  parallel  jets, 
the  maximum  magnitude  of  the  reversed  flow  is  about  - 
0.2  which  is  about  30%  higher  than  that  for  ventilated 
jets.  In  the  merging  region,  U/Uo  increases 

considerably  faster  (owing  to  a  higher  flow  collision 
and  momentum  transfer)  and  reaches  a  maximum  value 
(U  /U  =  0.46)  slightly  higher  than  that  for  ventilated 

jets.  The  measured  combined  length  of  x  /w  =  30  for 

J  cp 

ventilated  two  parallel  jets  with  s/w  =  12.5,  is 
significantly  higher  than  that  of  x^/w  =  19  for 

un ventilated  jets  with  s/w  =  11.25.  This  63%  longer 
combined  length  agrees  with  the  results  of  Lin  and 
Sheu  (1991),  Elbanna  et  al.  (1983)  and  Marsters 
(1977).  However,  the  merging  length  of  x/w  =  12  for 

ventilated  jets  of  Elbanna  (1983)  measured  by  hot-wire 
is  shorter  than  the  merging  length  x  /w  =  12.5  of  the 

mp 

unventilated  jets  measured  by  LDA  in  the  present 
study.  This  could  be  due  to  the  errors  in  hot-wire 
measurements  as  the  flow  angle,  turbulence  intensity, 
and  probe  interference  are  high  near  the  merging  point 
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Fig.  1 1  Comparisons  of  mean  streamwise  velocity  profiles  between  ventilated  and  unven' 


Fig.  12  Distribution  of  mean  streamwise  vleocity 
on  the  x-axis. 


The  distributions  of  the  mean  static  pressure  along 
the  x-axis,  P  /P  ,  for  unventilated  two  parallel  jets  of 

C  O 

s/w  =  1 1 .25  of  the  present  study  and  for  ventilated  two 
parallel  jets  of  Marsters  (  1977  )  with  s/w  =  11  are 
compared  in  Fig.  13.  For  ventilated  jets,  P /P  is 

minimum  at  the  nozzle  exit  plane  and  it  increases  with 
x/w  to  a  maximum  at  a  location  downstream  from  the 
merging  point.  The  minimum  normalised  static 
pressure  of  about  -0.027  for  ventilated  parallel  jets  is 
significantly  greater  than  -0.098  for  unventilated 
jets.  The  maximum  static  pressure  along  the  x-axis, 
P  fP  ,  of  about  0.038  is  also  considerably  lower  for 

cmax  o 

ventilated  jets  than  0.08  for  unventilated  jets  which  is 
due  to  the  higher  flow  collision  for  the  latter. 
Examination  of  the  wall  static  pressure  data  for 
ventilated  two  parallel  plane  jets  by  Marsters  (1977) 
suggests  that  the  ratio  of  the  streamwise  distance  from 
the  nozzle  exit  at  which  the  maximum  static  pressure 
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occurs  to  the  merging  length  is  about  1.3  which  is 
higher  than  that  of  1.15  for  unventilated  jets  reported 
by^Tanaka  (1970).  This  is  due  to  the  higher  tendency 
of  the  two  jets  to  deflect  towards  each  other  in 
unventilated  jets. 


Fig.  13  Static  pressure  distribution  on  the  x-axis 

4.  CONCLUSIONS 

Mean  velocity  vectors  determined  from 
simultaneous  LDA  measurements  of  streamwise  and 
lateral  velocities  have  been  presented  for  two  parallel 
plane  jets  with  s/w  =  7.5  and  11.25.  The  converging 
and  merging  regions,  recirculation  zone,  merging  and 
combined  lengths,  location  of  the  vortex  centre  and 
magnitudes  of  the  maximum  and  minimum  velocities 
along  the  symmetry  axis  (x-axis)  have  been 
determined. 

Distributions  of  turbulence  intensities  and 
Reynolds  shear  stress  in  the  converging  and  merging 
regions  and  recirculation  zone  of  two  parallel  jets  show 
that  the  initial  peaks  of  these  turbulence  properties 
corresponding  to  the  nozzle  inner  and  outer  edges  tend 
to  persist  downstream  from  the  location  of  the  vortex 
centre  without  being  overwhelmed  by  the  influences 
caused  by  the  recirculating  flow  in  the  recirculation 
zone.  The  peaks  of  lateral  turbulence  intensities  and 
Reynolds  shear  stress  in  the  outer  shear  layer  spread 
and  decay  more  rapidly  than  in  the  inner  shear  layer. 
Lateral  distribution  of  the  mean  static  pressure 

P/P  measured  using  a  disc  type  static  pressure  probe  at 
0 

x/w  =  0.5  shows  that  P/P  in  the  recirculation  zone  is 

O 

considerably  higher  for  weakly  interacting  jets  of  s/w  = 

7.5  and  11.25  than  for  strongly  interacting  jets  of  s/w  = 

2.5  and  4.25  examined  by  Nasr  &  Lai  (1977b).  It  has 

been  shown  that  P/P  at  x/w  =  0.5  is  nearly  constant 
0 

along  the  lateral  direction  in  the  recirculation  zone 
close  to  the  nozzle  plate  and  reaches  its  minimum  value 
in  the  main  flow  followed  by  recovery  to  atmospheric 
pressure  at  the  outer  edge  of  the  jet.  The  distributions 
of  the  static  pressure  along  the  x-axis  show  that  the 


positive  and  negative  peaks  of  P^/P^  are  also  relatively 
smaller  for  s/w  =  7.5  and  1 1.25  than  those  observed  for 
s/w  =  2.5  and  4.25. 

LDA  results  of  unventilated  two  parallel  jets  with 
s/w  =  11.25  of  the  present  study  and  hot-wire  data  of 
Elbanna  et  al.  (1983)  for  ventilated  two  parallel  plane 
jets  with  s/w  =  12.5  have  been  compared.  It  has  been 
shown  that  the  maximum  normalised  secondary  flow 
velocity  of  about  0.15  for  ventilated  jets  is  relatively 
smaller  than  the  absolute  value  of  the  maximum 
reversed  flow  velocity  of  0.2  for  unventilated  jets.  The 
maximum  mean  streamwise  velocity  at  the  combined 
point,  U  /U  ,  has  been  found  to  be  0.42  and  0.44  for 

r  cmax  o 

ventilated  and  unventilated  jets  respectively. 

Comparisons  of  the  static  pressure  along  the  x-axis 

P  /P  for  un ventilated  two  parallel  jets  of  s/w  =  11.25 
c  0 

of  the  present  study  and  for  ventilated  two  parallel  jets 
of  Marsters  (1977)  for  s/w  =  11  show  that  for 
ventilated  jets,  P  /P  has  a  minimum  of  about  -0.027 

J  CO 

which  is  significantly  greater  than  -0.098  for 
unventilated  jets.  The  maximum  normalised  static 
pressure  on  the  x-axis  of  0.038  is  also  considerably 
lower  for  ventilated  jets  than  0.08  for  unventilated  jets. 
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ABSTRACT  NOMENCLATURE 


The  following  paper  outlines  a  method  of  creating  a  thin 
light  sheet,  using  a  low-cost,  low-power,  laser  light  source 
without  the  use  of  complex  electronic  circuitry.  The  main 
body  of  the  paper  will  discuss  the  application  of  this  technique 
to  a  digital  image  processing  study  of  the  large-scale  turbulent 
structures  within  the  shear  layer  of  the  classical  configuration 
of  a  low  speed  circular  jet  in  a  crossflow.  It  will  be  shown  that 
the  analysis  procedure  presented  is  capable  of  providing 
instantaneous,  full  field  measurements  which  are  not 
obtainable  with  standard  hot-wire  anemometry  techniques. 
Furthermore,  the  results  are  based  on  data  acquisition  over  a 
flow  field  of  a  much  larger  scale  than  attainable  by  most  PIV 
methods.  The  image  processing  technique  is  extended  to 
encompass  a  box-counting  method  of  fractal  analysis,  from 
which  information  concerning  the  length  scales  of  turbulent 
structures  within  a  field  of  view  can  be  inferred. 

The  method  developed  identifies  the  length  scales  of  the 
large-scale  turbulent  structures  at  the  outer  edge  of  a  jet  in  a 
crossflow  and  calculates  the  instantaneous  velocities  of  these 
structures  on  an  individual  basis.  From  this  information, 
turbulence  characteristics  for  these  structures  are  quantified 
and  these  results  are  then  compared  to  hot-wire  measurements 
taken  in  the  same  flow  regime.  The  fractal  analysis  approach 
identifies  a  wider  range  of  structure  sizes  on  a  more  global 
basis,  yielding  information  concerning  the  complete  range  of 
length  scales  which  exist  at  the  outer  edge  of  the  shear  layer. 
The  paper  demonstrates  the  validity  of  the  new  techniques  and 
highlights  the  value  of  full-field,  instantaneous  measurements 
when  studying  turbulent  flows. 


D  Jet  nozzle  diameter 

I  Turbulence  Intermittency 

K,  Kolmogorov  time  scale 

L  X-direction  length  scale  -  measured  by 

image  processing 

L;  Integral  length  scale  -  measured  by  hot-wire 

N(h)  Number  of  boxes  of  size,  h,  containing  the 
fractal  boundary 

U  Average  velocity  in  the  downstream 

direction. 

Us  Average  velocity  of  turbulent  structures  in 

the  downstream  direction. 

X  Horizontal  distance  from  the  jet  exit  in  the 

downstream  direction 

Y  Vertical  distance  from  the  jet  exit,  measured 

from  the  ground  plane 

b  Fractal  equation  constant  -  related  to 

interface  length 
d  Fractal  dimension 

h  Fractal  box  size 

n  Order  of  iteration  for  Koch  curve 

construction 

u  Fluctuating  component  of  velocity  in 

X-direction  (Hot-Wire) 
u’  R.M.S.  of  u 

us  Instantaneous  structure  velocity  in  the 

X-direction. 
u’s  R.M.S.  of  us 

u’/U  Turbulence  Intensity  (Hot  -  Wire) 

u’/(U  *  I)  Turbulence  Characteristic  -  Turbulence  Intensity 
divided  by  Turbulence  Intermittency  (Hot-Wire) 
u’s  /  Us  Turbulence  Characteristic  -  Turbulence  Intensity  of 
Large-Scale  Structure 
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1.  INTRODUCTION 


2.  EXPERIMENTAL  DETAILS 


Conventional  flow  measurement  techniques  such  as  hot¬ 
wire  anemometry  and,  more  recently,  Laser  Doppler 
Anemometry  (LDA)  have  been  used  extensively  in  the  study 
of  turbulent  flows.  Whilst  these  techniques  provide  a  great 
deal  of  data  concerning  the  time  history  of  the  flow  behaviour, 
they  fail  to  provide  information  reflecting  the  instantaneous 
characteristics  of  the  flow.  The  foundation  of  such  techniques 
is  that  they  are  point-based  and  so  they  fail  to  provide  a 
‘picture’  of  the  flow.  Established  flow  visualisation 
techniques  such  as  Particle  Image  Velocimetry  (PIV)  do 
produce  full-field  quantitative  data  concerning  a  flow  field. 
However,  such  techniques  require  very  high  resolution 
imaging  for  accurate  data  acquisition  and,  as  a  result,  the  field 
of  analysis  is  generally  very  small  and  does  not  reflect  the 
large-scale  behaviour  of  the  flow.  Such  techniques  are  very 
effective  when  studying  small  scale  turbulent  structures  but 
are  not  viable  for  studies  of  large-scale  turbulence  as  will  be 
presented  here. 

The  phenomenon  of  a  jet  in  a  crossflow  has  been  studied 
by  many  authors,  Keffer  &  Baines  (1963),  Pratte  &  Baines 
(1967),  Feam  &  Weston  (1974)  and  Fric  &  Roshko  (1989) 
amongst  others.  The  main  features  of  the  flow  regime  have 
been  well  established,  Margason  (1993).  The  application  of 
these  studies  is  very  diverse,  from  combustion  chamber 
mixing  to  atmospheric  dispersion  from  chimney  plumes. 
Because  of  its  wide  range  of  applications  the  jet  in  a  crossflow 
has  been  of  interest  to  the  present  authors  for  a  long  time. 
Many  investigations  have  been  carried  out  by  applying  digital 
image  processing  techniques  to  studies  of  turbulence  within  a 
jet  in  a  crossflow  Toy  et  al.  (1992),  Toy  et  al.  (1993)  and 
McCusker  et  al.  (1996).  These  have  shown  the  advantages  of 
novel  approaches  to  turbulence  investigations.  The  current 
approach  requires  the  acquisition  of  a  large  number  of  images 
of  the  turbulent  /  non-turbulent  interface  between  the  jet  and 
the  crossflow.  This,  combined  with  the  image  processing 
equipment  available,  made  possible  the  application  of  the 
relatively  new  field  of  fractal  analysis  to  the  stored  images. 
Some  work  has  already  been  carried  out  in  this  area,  most 
notably  that  summarised  by  Sreenivasan  (1991)  in  a  review  of 
fractal  analysis  approaches  to  turbulence  studies.  In  his  paper 
he  covered  many  aspects,  including  a  high  resolution  box- 
method  applied  to  flow  visualisation  images  of  a  turbulent  / 
non-turbulent  boundary  which  showed  a  fractal  dimension  of 
1.36  for  a  two-dimensional  cut  of  an  axi-symmetric  free  water 
jet  over  a  range  of  turbulent  length  scales  from  the  integral 
length  scale  down  to  the  Kolmogorov  length  scale. 

The  current  work  is  a  consolidation  of  three  different 
approaches  to  the  quantification  of  turbulence  characteristics 
of  a  jet  in  a  crossflow.  Firstly,  a  Lagrangian  approach  to 
turbulent  convection  is  developed.  Secondly,  the  images 
acquired  for  this  technique  are  examined  by  the  box-method 
of  fractal  analysis  and,  thirdly,  the  results  of  these  two  new 
techniques  are  compared  to  those  acquired  by  conventional, 
crossed  hot-wire  anemometry. 


2. 1 .  Smoke  Tunnel  Facility 

All  of  the  experiments  were  carried  out  in  a  purpose  built 
open-circuit  smoke  tunnel  facility  (Figure  1).  The  tunnel  has 
working  section  dimensions  of  0.75m  height,  0.62m  width 
and  3.6m  length.  High  efficiency  filters  are  fitted  to  the  tunnel 
outlet  to  remove  practically  all  of  the  smoke  introduced  into 
the  flow.  Optical  access  to  the  working  section  was  provided 
by  a  removable  ‘Perspex’  side  wall  panel  and  a  glass  floor 
section.  The  smoke  was  provided  by  a  Concept  ‘Genie’  smoke 
generator  which  produced  particles  of  which  90%  were  of 
diameter  less  than  1pm.  The  jet  was  seeded  at  source  and 
created  by  a  small  centrifugal  fan  supplying  the  pipework 
which  consisted  of  copper  tubing  of  32.5mm  internal  diameter 
with  a  325mm  straight  section  leading  into  a  90°  bend  of 
135mm  radius.  This  was  followed  by  a  vertical  section  of 
425mm,  ending  in  a  contraction  of  6.25:1  area  ratio  with  a 
25mm  straight  outlet.  The  result  of  this  network  was  a  13mm 
diameter  jet  with  a  ‘top  hat’  velocity  profile  at  the  exit.  The 
apparatus  was  configured  such  that  the  jet  entered  the 
crossflow  through  a  nozzle  with  the  exit  flush  with  the  roof 
plane  of  the  tunnel.  The  experiments  described  here  were 
carried  out  with  a  jet  nozzle  exit  velocity  of  6m/s  and  a 
ffeestream  crossflow  velocity  of  1  m/s. 

2.2.  Image  Processing  Equipment 

The  image  processing  equipment  used  was  a  Series  151 
Image  Processing  Module,  supplied  by  Imaging  Technology, 
consisting  of  an  arithmetic  logic  unit  pipeline  processor 
(ALU),  a  frame  buffer  capable  of  holding  16  frames  of  512  x 
512  pixels  x  8  bits  and  a  high  performance  analogue  to  digital 
interface  (ADI)  module  which  also  controlled  the  time  base 
for  the  image  processing  unit.  The  system  was  controlled  by  a 
desktop  PC  via  a  VME-bus  and  received  input  either  via  a 
CCD  camera  or  VHS  VCR.  A  diagram  of  the  apparatus  is 
shown  in  Figure  2.  The  analysis  software  was  written  in 
Microsoft  C,  using  some  of  the  dedicated  image  processing 
routines  provided  with  the  unit. 

2.3.  Light  Sheet  Arrangement 

A  schematic  of  the  arrangement  for  creating  a  light  sheet 
is  shown  in  Figure  3.  The  system  driving  the  light  sheet 
arrangement  was  an  Amplicon  PC30AT,  analogue/digital  I/O 
board.  The  major  problem  to  be  overcome  in  creating  the  light 
sheet  was  producing  sufficient  intensity  so  that  the  seeded 
flow  was  well  illuminated.  Given  that  the  highest  power  laser 
light  source  available  for  the  work  was  a  50mW  diode  laser 
with  a  wavelength  of  790nm,  it  was  realised  that  beam 
splitting  would  so  greatly  diffuse  the  light  intensity  that  it 
would  not  be  practical.  The  selected  method  was  to  scan  the 
light  beam  using  an  oscillating  mirror.  To  achieve  a  sharp, 
clear  image  it  was  necessary  to  scan  the  mirror  through  the 
field  of  view  of  the  camera  only  once  during  the  image 
acquisition.  Any  more  sweeps  would  result  in  a  double  image 
on  the  CCD  receptors.  This  was  achieved  by  coupling  the 
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output  of  the  camera,  via  an  amplifier,  to  the  input  of  the  A/D 
converter  on  the  PC30AT  board  as  well  as  to  its  normal 
destination  of  the  VCR.  The  laser  was  directed  at  the  mirror, 
which  was  mounted  on  a  stepper  motor,  and  positioned  so  that 
the  beam  was  reflected  along  a  path  out  of  the  range  of  view 
of  the  camera.  The  custom-written  software  continuously 
sampled  the  output  from  the  camera,  waiting  for  the  severe 
voltage  drop  associated  with  the  blanking  pulse  of  the  camera 
output.  The  end  of  this  blank  was  used  as  the  trigger  for  the 
mirror  to  start  moving.  This  was  also  controlled  by  the 
PC30AT  card.  When  the  end  of  the  blanking  pulse  was 
detected,  a  signal  was  sent  via  the  digital  I/O  port  to  the 
stepper  motor  control  box  which  turned  the  stepper  motor 
through  its  sweep  and  stopped  it  when  the  beam  had  passed 
through  the  camera  viewing  field.  Again,  the  software  waited 
for  a  blanking  pulse  before  returning  the  mirror  to  its  starting 
position,  so  completing  one  cycle  during  which  two  images 
were  acquired.  In  this  way  the  sweep  of  the  laser  was 
synchronised  with  the  acquisition  period  of  the  camera. 

2.3.  Fractal  analysis  of  turbulence 

It  has  long  been  acknowledged  that,  in  turbulent  flows, 
energy  is  transferred,  on  balance,  from  large  eddies,  through 
progressively  smaller  eddies  until  it  is  dissipated  at  turbulence 
length  scales  around  the  Kolmogorov  microscale.  The  model 
of  turbulence  as  a  field  that  is  made  up  of  a  number  of  eddies 
of  varying  size,  allows  the  application  of  fractal  analysis  to  an 
instantaneous  image  of  turbulence  which  has  been  acquired 
via  flow  visualisation. 

Digitised  images  are  stored  as  pixel  maps,  which 
conveniently  allow  the  application  of  the  box-counting 
method  of  fractal  analysis.  In  this  technique,  a  progressively 
more  refined  grid  is  laid  over  the  instantaneous  flow 
visualisation  image.  The  number  of  boxes  straddling  the 
interface  between  rotational  and  irrotational  flow  in  each 
instance  is  counted  and  used  to  calculate  the  fractal 
dimension. 

For  a  clearer  understanding  of  the  box-method  of  fractal 
analysis,  consider  the  Koch  curve  shown  in  Figure  4.  In  the 
first  case,  where  n=0,  the  number  of  squares  of  side,  h, 
required  to  cover  the  line  can  be  shown  to  be  b(h),  where  b,  is 
the  length  of  the  line.  However,  after  the  first  iteration,  when 
n=l,  the  number  of  boxes  required  would  no  longer  follow  a 
simple  inverse  relationship,  rather,  the  number  of  boxes 
required  would  follow  a  law  of  N(h)=b(l/h)d.  This  is  because 
in  each  successive  iteration,  a  similar  substitution  is  made  as 
in  the  first.  This  law  holds  throughout  as  long  as  the  box  size 
is  smaller  than  the  shortest  lengths  in  the  line.  In  a  theoretical 
Koch  curve  n=oo,  so  a  log-log  plot  of  N(h)  against  1/h  would 
yield  a  constant  gradient  of  d,  the  fractal  dimension.  However, 
it  can  be  seen  from  Figure  5-Figure  8  that,  whilst  a  turbulent 
boundary  may  contain  a  series  of  progressively  smaller 
structures,  it  is  not  completely  fractal  in  nature  in  the  way  that 
the  Koch  curve  is.  Furthermore,  the  length  scales  of  the 
structures  do  not  become  infinitely  small  and,  as  such,  there  is 
a  limit  to  the  fractal  dimension  of  such  a  line.  Fractal  analysis 
of  such  a  shape  shows  that  there  is  a  range  of  structure  sizes 
for  which  it  can  be  said  that  there  is  a  similarity  from  one 


scale  to  the  next.  Clearly,  when  the  resolution  of  the  fractal 
grid  is  such  that  the  size  of  the  boxes  is  greater  than  that  of  the 
largest  structures  in  the  image,  a  change  in  box  size  will  yield 
no  information  concerning  the  size  of  the  structures.  In  fact, 
the  interface  will  be  treated  as  a  straight  line  and  yield  a 
dimension  of  1.  Similarly,  when  the  box  size  is  less  than  the 
smallest  structures  there  is  no  more  information  to  be  gained 
by  increasing  resolution  and,  again,  the  fractal  dimension 
returned  is  1.  By  using  these  criteria,  it  is  then  possible  to  find 
the  range  of  structure  sizes  which  exist  within  a  section  of  the 
flow  visualisation  image.  To  gain  further  information  about 
these  structures  a  technique  has  been  developed  by  which 
individual  structures  can  be  tracked  over  a  period  of  60ms. 

2.4.  Structure  Tracking 

The  structure  tracking  routine  begins  by  acquiring  four 
consecutive  images  of  the  wake  of  the  model  at  intervals  of 
20ms.  A  binary  thresholding  routine  is  then  carried  out  which 
reduces  the  image  to  regions  of  smoke  and  no-smoke.  A 
region  containing  a  distinct  turbulent  structure  is  identified  by 
the  user  and  the  pixel  intensities  within  this  region  are  stored 
in  the  PC  memory  as  the  primary  image.  The  software  then 
scans  the  near  region  of  the  subsequent  image,  at  each 
location  comparing  the  intensities  of  the  primary  image  with 
the  area  under  interrogation.  The  region  of  greatest 
correlation,  that  is  the  region  where  there  is  the  greatest 
overlap  between  the  primary  and  secondary  images,  is  then 
identified  as  the  region  containing  the  structure  in  its  second 
position.  The  pixel  intensities  within  this  area  are  written  to 
the  PC  memory  and  this  region  is  used  as  the  primary  image 
when  searching  for  the  structure  in  its  third  position.  This 
process  is  repeated  until  the  location  of  the  turbulent  structure 
is  identified  in  all  four  images  (Figure  5-Figure  9).  The 
software  then  proceeds  to  find  the  centre  of  area  of  all  four 
instances  of  the  structure  so  that  the  translation  of  the 
structure  can  be  quantified  in  pixel  locations  which  can  be 
converted  to  a  length  by  a  simple  scaling  technique.  The 
outline  of  the  structure  in  all  four  positions  is  copied  and 
written  to  a  second  frame  buffer  (Figure  9),  so  that  the 
position,  size  and  shape  of  the  structure  in  all  four  instances 
can  be  viewed  simultaneously.  From  this  image  the  velocity 
and  deformation  of  the  structure  can  be  assessed  both 
quantitatively  and  qualitatively. 

2.5.  Sources  of  Error 

The  use  of  camera  and  image  processing  equipment  will 
always  lead  to  blur  errors,  caused  by  movement  of  the  object 
during  image  acquisition.  The  error  margin  in  the  technique 
presented  is  a  function  of  the  sweep  speed  of  the  laser  beam 
and  the  downstream  velocity  of  the  object.  During  the 
experiments  carried  out  within  this  study,  the  blurring  error 
was  found  to  be  4%,  regardless  of  image  size.  This  is  a 
constant  error,  which  ‘stretches’  the  image.  Whilst  this  would 
result  in  shift  of  the  calculated  location  of  the  structure,  it  has 
no  effect  on  the  calculation  of  the  convection  velocities,  as  the 
same  shift  occurs  at  all  four  locations  where  the  turbulent 
structure  is  identified.  The  blurring  effect  would,  of  course, 
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influence  the  results  of  the  fractal  analysis  technique. 
However,  this  method  is  used  to  indicate  the  range  of  scales 
existing  within  an  image  and,  hence,  in  these  circumstances  a 
4%  error  is  negligible.  One  further  source  of  error  in  the 
tracking  technique  is  in  the  identification  of  the  centroids  of 
the  turbulent  structures.  The  difficulty  lies  in  the  identification 
of  the  turbulent  structure,  independent  of  its  visualised 
connectivity  to  other  adjacent  structures.  For  the  purposes  of 
tracking  the  position  of  the  structure,  however,  this  is  not  a 
significant  problem.  Reference  to  the  images  in  Figure  5  to 
Figure  8  shows  that  whilst  there  is  significant  distortion  of  the 
structure  over  the  60ms  sampling  period,  there  is  very  little 
deformation  between  any  two  consecutive  images.  This  allows 
the  structure  and  connectivity  to  be  treated  as  one  entity, 
where  there  is  no  relative  movement  between  the  connectivity 
and  the  structure.  As  a  result,  the  rate  of  convection  of  the 
structure  can  be  assumed  to  be  the  same  as  that  of  the 
structure  and  connectivity  combined.  In  cases  where  the 
deformation  is  significant,  the  tracking  software  would  not 
recognise  the  flow  structure  in  the  second  position  and  the 
routine  would  fail.  This  accounts  for  the  number  of  tracked 
structures  being  less  than  40  at  some  locations.  The  difficulty 
in  distinguishing  the  structure  from  its  connectivity  will  affect 
the  precision  of  the  absolute  location  of  the  structure  in  that 
the  calculated  centroid  will  be  biased  towards  the  connectivity 
section.  In  the  worst  possible  case,  where  this  section  takes  up 
25%  of  the  enclosing  box,  the  greatest  error  in  absolute 
location  is  of  the  order  of  8%  of  the  structure  length.  To 
minimise  this  effect,  every  effort  was  made  to  select  structures 
which  were  as  discrete  from  other  structures  as  possible. 


3.  RESULTS  AND  DISCUSSION 

The  area  under  investigation  in  the  current  work  is  the 
shear  layer  of  the  interface  region  between  the  jet  and  the 
crossflow.  This  is  the  region  in  which  entrainment  of  the 
surrounding  flow  into  the  jet  takes  place.  To  demonstrate  the 
validity  of  the  current  technique  results  are  presented  which 
were  obtained  in  an  X-Z  plane  on  the  centre-line  at 
approximately  X/D— 20  downstream  of  the  nozzle.  However, 
similar  results  have  been  achieved  at  all  6  downstream 
locations  studied.  The  chart  in  Figure  10  shows  the  locations 
of  approximately  240  turbulent  structures  which  have  been 
tracked.  The  spread  of  the  data  in  the  direction  normal  to  the 
ffeestream  can  be  seen  to  increase  with  downstream 
displacement.  This  width  is  an  indication  of  the  depth  of  the 
shear  layer  of  the  outer  edge  of  the  jet  along  its  axis  of 
symmetry. 

Before  discussing  the  behaviour  of  the  turbulent 
structures,  the  range  of  structures  tracked  in  relation  to  those 
captured  using  conventional  measurement  techniques  must  be 
established.  Figure  11  shows  the  cumulative  distribution 
function  (CDF)  of  the  size  of  the  240  structures  which  were 
studied.  A  similar  distribution  is  achieved  when  using  a 
smaller  sample  set,  down  to  less  than  30  structures  at  each  of 
the  6  downstream  locations.  From  this  it  can  be  seen  that  90% 
of  the  structures  were  of  a  length  scale  between  ID  and  4D, 
with  an  essentially  Gaussian  distribution  within  that  range 


(Figure  12).  By  associating  the  measured  length  scales  with  a 
nominal  frequency  (Figure  13)  it  is  possible  to  place  the  range 
of  structures  within  the  energy  cascade  emphasised  by  the  hot¬ 
wire  technique  (Figure  14).  The  structure  frequency  is  termed 
nominal,  because  a  true  frequency  of  occurrence  of  the 
structures  cannot  be  implied  by  length  scale  alone.  The 
nominal  result  was  arrived  at  by  using  a  simple  relationship  of 
U=f*L.  Whilst  this  does  not  give  an  absolute  result,  it  at  least 
identifies  a  high  limit  for  the  frequency  of  the  structure  of  size 
L.  A  comparison  between  Figure  13  and  Figure  14  indicates 
that  the  structures  which  were  chosen  were  generally  at  the 
low  frequency  end  of  the  energy  cascade.  Reference  to  Table 
1  and  Figure  10  quite  clearly  place  the  size  of  the  structures 
tracked  in  a  range  between  the  integral  length  scale  (calculated 
from  hot-wire  results)  and  the  shear  layer  width  of 
approximately  4.5D.  Figure  1 1  and  Figure  13  also  show  that 
there  is  very  little  variation  in  the  size  of  the  large-scale 
turbulent  structures  with  downstream  position. 

The  question  of  the  adequacy  of  the  sample  size  is 
addressed  by  Figure  15  and  Figure  16,  in  which  mean  velocity 
and  a  turbulence  characteristic  (u’s  /  Us)  are  plotted  against  the 
number  of  samples  used  in  the  calculation.  It  may  be  seen  that 
both  approach  asymptotic  values,  with  a  variation  of  less  than 
4%  after  90  measurements.  This  reflects  a  sample  size  of  30 
structures  as  each  structure  yields  three  velocity  and 
turbulence  values.  The  results  presented  here  are  calculated 
from  sample  sets  of  up  to  40  structures.  Figure  15  shows  that 
image  processing  techniques  can  be  used  to  measure  the 
convection  velocities  of  the  large-scale  structures  in  the  flow. 
In  the  general  case  the  velocity  measured  by  the  present 
technique,  is  within  5%  of  the  ffeestream  velocity  of  lm/s.  No 
variation  in  downstream  velocity  with  downstream  position  is 
indicated.  Perhaps  more  interesting  are  the  fluctuations  in  the 
velocity  of  the  turbulent  structures  as  they  move  downstream. 
The  statistical  definition  of  turbulence  is,  after  all,  a  measure 
of  fluctuations  in  velocity.  The  technique  presented  here 
restricts  the  measurement  of  these  fluctuations  to  sections  of 
the  flow  which  are  purely  turbulent.  In  this  way  a  measure  of 
the  turbulence  contribution  of  the  large-scale  structures  is 
achieved  (Figure  16).  A  direct  comparison  with  hot-wire 
measurements  is  not  possible  as  the  hot-wire  measures 
turbulence  at  all  scales  within  the  sampling  range  of  the 
measurement  technique.  The  drawback  of  the  hot-wire 
technique  is  that  it  is  based  on  a  time-average  of  fluctuations 
of  velocity.  A  turbulence  measure  obtained  by  hot-wire 
anemometry  provides  a  statistic  which  also  takes  into  account 
the  sections  of  the  flow  which  are  nominally  non-turbulent. 
As  a  result,  the  turbulence  level  measured  is  an  attenuation  of 
the  velocity  fluctuations  in  the  turbulent  region  by  the  flow  in 
the  non-turbulent  region.  This  effect  would  be  particularly 
high  in  regions  of  low  turbulence  intermittency,  such  as  the 
one  being  studied  here.  If  comparisons  between  the  two 
techniques  must  be  made,  a  more  similar  comparison  would 
be  to  divide  the  hot-wire  turbulence  intensity  by  the 
intermittency  at  the  same  point.  This  would  provide  an 
indication  of  the  turbulence  intensity  of  the  turbulent  regions. 
By  consulting  Table  1,  this  turbulence  characteristic  can  be 
seen  to  generally  be  between  10%  and  15%  in  the  region  from 
15D  to  19D  from  the  ground  plane,  20D  downstream  of  the  jet 
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exit.  This  result  compares  well  with  the  turbulence 
characteristic  of  11.5%  measured  by  the  image  processing 
method. 

Figure  17  is  representative  of  the  results  achieved  by 
applying  the  box  method  of  fractal  analysis  to  the  images 
acquired  for  the  study  outlined  above.  Whilst  an  ideal  result 
for  fractal  analysis  is  that  of  a  straight  line,  the  gradient  of 
which  is  the  fractal  dimension,  in  reality  nothing  is  fractal  to 
an  infinite  scale.  Beyond  the  fractal  limit  of  any  interface,  that 
is  when  the  resolution  of  the  boxes  is  smaller  than  the  smallest 
discontinuity,  the  number  of  boxes  encompassing  the  interface 
increases  linearly  with  grid  resolution.  The  result  of  this  is  that 
the  fractal  dimension  is  measured  as  1.  In  Figure  17  this  point 
can  be  seen  to  be  reached  when  the  box  size  is  of  the  order  of 
0.2D  or  2.6mm.  This  value  is  well  above  the  pixel  resolution 
of  the  imaging  equipment  which  is  approximately 
0.36mm/pixel.  Thus,  the  limit  indicated  by  the  fractal  analysis 
is  a  reflection  of  the  lower  limit  of  the  structure  sizes  at  the 
outer  edge  of  the  jet  image.  It  can  be  seen  that  this  2.6mm 
limit  is  above  the  Kolmogorov  length  scale  and  so  it  can  be 
stated  that  the  flow  seeding  does  not  distinguish  structures  of 
that  size.  The  limit  of  the  fractal  analysis  method  indicates  the 
smallest  size  of  turbulent  structures  found  on  the 
turbulent/non-turbulent  interface.  Similarly,  for  a  grid  of  low 
resolution,  with  box  size  greater  than  the  largest 
discontinuities,  a  reduction  in  box  size  will  also  produce  a 
linear  relationship  between  the  number  of  boxes  and  the 
resolution.  Therefore  a  gradient  of  1  on  the  log-log  curve  will 
occur  once  more.  This  can  just  be  seen  in  Figure  17  between 
the  last  two  points,  which  indicate  that  within  the  flow 
visualisation  images,  the  largest  structure  sizes  are  of  the  order 
of  4D.  This  result  is  supported  by  the  image  tracking 
technique  discussed  earlier. 


4.  CONCLUSIONS 

A  low-cost  method  of  light  sheet  illumination  has  been 
demonstrated.  A  procedure  was  outlined  for  setting  up  the 
apparatus  so  that  laboratories  with  the  most  basic  equipment 
would  be  able  to  produce  light  sheets  of  the  intensity  which 
would  usually  be  prohibitively  costly. 

The  illumination  method  was  a  means  of  creating  an 
environment  for  a  series  of  flow  visualisation  experiments. 
The  main  aim  of  this  paper  was  to  show  that  large-scale 
digital  image  processing  which  has,  in  the  past,  been  generally 
for  qualitative  analysis  only,  can  be  used  to  produce 
quantitative  data.  Furthermore,  the  techniques  outlined  herein 
have  been  shown  to  be  capable  of  eliciting  results  which  are 
not  achievable  with  conventional  measurement  techniques. 
The  paper  has  shown  that  instantaneous  measurements  of 
velocity  and  length  scale  based  on  individual  structures  is 
possible.  It  has  demonstrated  that  time-averaged  techniques 
have  a  tendency  to  produce  results  which  have  been  smoothed 
out  and  are  not  a  true  representation  of  the  flow.  The  current 
work  was  bom  of  the  realisation  of  the  drawbacks  in 
conventional,  point-based  and  statistical  approaches  to 
turbulence  studies.  This  new  method  allows  the  investigation 


of  discrete  constituents  of  turbulence  and,  therefore,  may  lead 
to  a  greater  understanding  of  turbulent  flows. 
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Figure  1-Diagram  of  Smoke  Tunnel  Facility 
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Figure  2  -  Diagram  of  Image  Processing  Equipment 
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Figure  5  -  1st  of  4  Images  of  Turbulent  Structure 


Figure  6  -  2nd  of  4  Images  of  Turbulent  Structure 
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Figure  3  -  Schematic  of  Light  Sheet  Arrangement 
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Figure  7  -  3rd  of  4  Images  of  Turbulent  Structure 


Figure  8  -  4th  of  4  Images  of  Turbulent  Structure 


Figure  4  -  Triadic  Koch  Curve 


Figure  9  -  Combined  Image  of  Structure  Path 
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Figure  10  -  Location  Of  Of  Turbulent  Structures 
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I 


2  3 

Length  Scale  (L/D) 


D  X/D-10  0  X/D-15  A  X/D-20 
0  X/D~25  xX/D~30  +  X/D-35 


Figure  11  -  Cumulative  Distribution  Function  of  Length 
Scales  (Y/D  =15 -20) 
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Figure  13  -  Cumulative  Distribution  Function  of 
Frequencies  (Y/D  =15  -  20) 
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Figure  17  -  Log  -  Log  Plot  of  Number  of  Boxes  against 
Grid  Resolution  Average  of  40  Images  @  X/D  -  20 
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Figure  15  -  Mean  Velocity  Estimations  From  Structure 
Positions 
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ABSTRACT 

A  jet  in  a  cross-flow  is  a  fully  three 
dimensional  flow  where  different  vortex  structures 
are  generated  from  the  interaction  between  the  main 
flow  and  the  jet.  In  order  to  analyse  such  a  complex 
flow,  the  particle  tracking  velocimetry  (PTV),  based 
on  the  analysis  of  successive  images,  is  utilised.  Since 
the  frame  is  analysed  one  at  a  time  in  sequence  the 
ambiguity  in  the  velocity  versus  is  solved.  Also  the 
dynamic  range  in  the  velocity  measurements  is 
increased  by  one  order  of  magnitude  compared  to 
those  obtained  by  means  of  the  analysis  of  a 
multiexposed  image. 


COUNTER-ROTATING 
VORTEX  PAIR 


Fig.  1  Near  field  representation  of  a  jet  in  a  cross  flow 
(from  Fric  and  Roshko,  1994) 


1.  INTRODUCTION 

Jets  in  cross-flow  are  an  interesting  flow  for 
various  engineering  applications: 

•  environmental:  smoke  dispersion  from  chimneys 
and  volcanoes,  liquid  dispersion  in  lakes  and 
rivers; 

•  petrol  industry:  oil  and  gas  jets  in  the  main  flow 
of  pipe  withdrawal; 

•  engines:  surface  cooling,  fluid  injection; 

•  aeronautics:  rocket  direction  control,  vehicles 
V/STOL. 

In  this  paper  the  near  field  of  the  jet  in  cross 
flow  is  experimentally  analysed  by  means  of  Particle 
Tracking  Velocimetry  (PTV)  which  allows  a 
quantitative  velocity  measurement  in  a  plane  to  be 
obtained.  In  such  an  area  a  strong  interaction  between 
main  flow  and  jet  produces  a  very  complex  field 
where  these  kinds  of  different  vortex  structures  can  be 
identified  (Fig.  1  Fric  and  Roshko,  1994): 

•  jet  shear  layer  vortices:  are  the  dominating 
element  in  the  initial  part  of  the  jet,  due  to 
Kelvin-Helmholtz  instability  and  are  identical  to 
those  generated  by  coaxial  jets; 


•  horse-shoe  vortices:  are  due  to  an  adverse  gradient 
near  the  wall  close  to  the  jet  again,  such  vortices 
are  found  in  a  very  limited  zone  corresponding  to 
a  distance  of  some  jet  diameter  from  the  jet 
entrance; 

•  counter-rotating  vortex  pair:  occurs  due  to 
interaction  between  main  currents  and  the  jet,  they 
develop  in  the  near  field  and  become  the  main 
element  in  the  far  field; 

•  wake  vortices:  occur  due  to  interaction  between 
the  jet  and  the  boundary  layer  at  the  wall. 

Jets  in  cross  flow  are  widely  studied  with 
empirical  models,  integral  models,  numerical  models 
and  with  experimental  simulations. 

The  empirical  models  (Margason  (1968), 
Pratte  e  Baines  (1967),  Kamotani  e  Greber  (1972), 
Rajaratnam  e  Gangadharaiah  (1981))  are  the  simpler 
way  to  obtain  information  on  the  jet  axis  geometry. 
For  a  circular  jet  perpendicular  to  the  main  flow  the 
following  relationship  is  proposed  : 
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where: 

•  x  is  the  direction  along  the  main  flow; 

•  z  is  the  direction  orthogonal  to  the  wall; 

•  R  is  the  ratio  between  the  velocity  of  the  jet  and  the 
velocity  of  the  mean  flow; 

•  D  is  the  jet  diameter; 

•  a,  a,  P  are  constants  suggested  by  different  authors 
(Tab.l). 


Author 

R 

a 

a 

Kamotani  &  Greber 

4-MO 

0.89 

0.94 

0.36 

Pratte  &  Baines 

5-M5 

2.05 

0.72 

0.28 

Margason 

2-MO 

1.59 

0.67 

0.33 

Tab.  1 

The  integral  models  (Abramovich  (1963), 
Rajaratnam  (1976),  Schetz  (1980),  Demuren  (1985)) 
are  based  on  the  utilisation  of  the  momentum  balance 
equation  to  a  volume  banded  by  planes  orthogonal  to 
the  jet  axis.  In  order  to  reconduct  to  one  dimensional 
situation,  it  is  necessary  to  make  an  hypothesis  on  the 
velocity  distribution  in  the  transversal  sections: 
usually  the  form  of  the  sections  is  chosen  to  be 
elliptical.  Also  from  these  models  the  trend  of  the  axis 
is  obtained. 

More  recently  numerical  relations  of  the 
three  dimensional  balance  equation  have  been 
proposed  utilising  different  turbulence  closures.  In 
this  case  no  hypothesis  is  necessary  for  geometry  of 
the  transversal  section  which  is  possible  to 
determinate  in  one  more  realistic  way  (kidney-shape 
cross  section)  (Jones  e  McGuirk  (1979),  Leonard 
(1979),  Schetz  (1980),  Launder  e  Spalding  (1980), 
Sikes  et  a.  (1986),  Demuren  (1992)(1994),  Alvarez  e 
Jones  (1993)). 

In  the  1970  studies  focused  on  the  mean 
trajectory  of  the  jets  and  the  evolution  of  the  flow 
along  the  mean  trajectory.  Ramsey  e  Goldstein  (1971) 
used  a  subsonic  wind  tunnel  capable  of  air  velocities 
of  up  to  70  m/s  in  the  test  section.  The  test  section  of 
the  wind  tunnel  was  20.3  cm  x  20.3  cm  in  cross 
section.  The  injection  of  the  air  jet  was  through  a  23.5 
mm  diam  stainless  steel  tube  approximately  1  m  long. 
Fully  developed  turbulent  flow  was  present  at  the 
tube  exit.  The  blowing  rate  M=pjUj/pfUf  ranged  from 
0. 1  to  2  and  the  air  jet  entered  at  an  angle  of  either  35 
or  90  deg  to  the  main  flow.  A  hot-film  probe  with  a 
0.025  mm  diam  x  0.51  mm  long  sensor  was  used  for 
velocity  measurements,  the  probe  was  positioned 
along  the  tunnel  center  line.  Kamotani  e  Greber 
(1972)  performed  their  experiments  in  a  771  mm2 
cross  section  subsonic  wind  tunnel.  The  jet  was 


injected  perpendicularly.  Velocity  and  turbulence 
intensity  were  measured  by  a  hot  wire  probe.  The 
mean  flow  direction  was  measured  by  a  small  yaw 
angle  meter  made  of  two  hypodermic  needles  of  0.71 
mm  diam  with  bevelled  open  ends.  Detailed 
measurements  were  performed  using  jets  having 
momentum  fluxes  ranging  from  about  15  to  60  times 
the  cross  flow  momentum  flux. 

In  the  1980,  Crabb  et  a.  (1981)  used  an  open  circuit 
wind  tunnel  with  a  free  stream  velocity  of  12  m/s.  The 
dimensions  of  the  working  section  of  the  wind  are 
0.46  m  wide,  0.30  m  high  and  1.8  m  long.  A  single 
tube,  25.4  mm  inside  diameter  and  a  0.75  m  long  was 
used  to  inject  the  jet  normal  to  the  free  stream  with 
velocity  ratio  1.15  and  2.3.  The  jet  was  located  at  a 
distance  0.15  m  downstream  of  a  25  x  460  mm  emery 
paper  trip.  The  jet  was  supplied  from  a  centrifugal 
fan.  Hot-wire  measurements  were  made  laterally 
across  the  jet  and  the  cross-flow.  Laser  Doppler 
anemometer  and  hot  wire  anemometry  were  used  to 
make  measurements.  Andreopoulos  and  Rodi  (1984) 
utilised  a  closed-circuit  wind  tunnel  with  an 
octagonally  shaped  working  section  6  m  long  and  1.5 
m  in  diameter.  The  jet  discharge  was  placed  10  exit 
diameters  downstream  from  the  leading  edge  of  a 
plate  installed  0.28  m  above  the  floor  of  the  tunnel. 
The  jet  exited  normally  from  a  brass  pipe  of  50  mm 
internal  diameter,  the  exit  plane  of  the  pipe  being  12 
diameters  downstream  of  the  plenum  chamber,  which 
was  fed  by  a  two-stage  compressor.  The  mean  and 
turbulent  velocity  components  in  the  jet  in  a  cross 
flow  interaction  region  were  measured  with 
anemometers,  cross  and  triple  wire  probes  for  the 
three  velocity  ratio  R=0.5,  1  and  2. 

In  the  latter  years,  Fric  and  Roshko  (1994)  made  use 
of  an  open-return  low-speed  wind  tunnel  of  cross- 
section  0.5  m  x  0.5  m.  The  velocity  ratio  ranged 
between  2  and  10  and  nominal  mean  cross  flow 
velocities  ranged  from  1.5  to  4.5  m/s.  The 
incompressible  jet  which  issued  orthogonally  into  the 
crossflow  was  supplied  by  a  3.8  cm  exit-diameter 
nozzle.  The  jet  was  powered  by  a  radial  vane 
centrifugal  blower.  In  that  study  the  smoke-wire 
visualisation  technique,  which  places  closely  spaced 
steaklines  into  the  flow,  was  used  extensively.  Kelso 
et  a.  (1996)  made  visualisation  experiments  with  a 
closed-return  water  channel.  The  study  was  restricted 
to  jet  to  freestream  velocity  ratios  R  ranging  from  2  to 
6.  The  pipe,  which  was  orthogonal  to  the  channel 
floor  and  very  short  (3.5D  long)  had  an  internal 
diameter  of  25  mm.  The  jet's  water  supply  was 
isolated  from  the  main  channel  circuit  by  a  constant- 
head  tank.  A  narrow  circumferential  slot  in  the  pipe 
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wall  allowed  dye  to  be  injected  directly  into  the  pipe 
boundary  layer.  Moveable  dye  injection  tubes  were 
also  used  to  introduce  dye  into  the  cross-flow  from 
points  away  from  the  wall.  Dyes  with  specific  gravity 
1  were  used  to  visualise  the  flow. 

2.  EXPERIMENTAL  SET-UP 

Experiments  have  been  carried  out  in  a  water 
tunnel  maintaining  constant  the  velocity  of  the  main 
flow  (Uf  =  10  cm/s  at  the  channel  centre)  and  varying 
the  jet  velocity  Uf  from  20  cm/s  to  100  cm/s  (R  = 
Uj/uf  =  2-10).  The  tunnel,  made  in  perspex,  has  a 
rectangular  section  (10  cm  x  15  cm). 


Fig.  2  Jet  test  section  (the  dimensions  are  in  cm). 


Rotating  Mirror  Control  Panel 


Fig.  3  Experimental  apparatus  for  lighting  test  section 
and  for  images  acquisition 


The  circular  jet,  whose  initial  dimension  is 
0.5  cm,  has  the  axes  perpendicular  to  the  main  flow. 
So  as  to  avoid  secondary  flow  in  the  jet  and  reduce 
turbulence  level  at  the  inlet  a  suitably  convergent 
preceded  by  a  honeycomb  was  used.  Moreover,  to 
limit  the  boundary  layer  effect,  the  jet  is  placed 
immediately  downstream  to  the  convergent  section  of 
the  tunnel  (Fig.  2). 


Fig.  4  Trajectories  evaluated  for  20  s  (R=4). 

In  Fig.  3  the  test  section  lighting  system  and 
the  major  acquisitions  are  shown.  The  light  sheet  is 
obtained  by  means  of  laser  beam  (Argon  512  nm 
wavelength)  and  rotating  mirror.  The  jet  liquid 
(water)  is  seeded  by  pollen  particles  (70  pm)  which 
assume  the  same  specific  weight  of  the  liquid.  The 
images  are  acquired  with  a  standard  video  camera  at  a 
speed  of  50  images/second  (25  interlaced)  and  stored 
in  a  videotape. 


Fig.  5  Velocity  flow  field  reconstructed  in  a  regular 
grid  (R=4). 
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The  images  are  subsequently  analysed  off  line 
performing  the  following  operation: 

•  filters  and  thresholds  in  order  to  reduce  noise 
level; 

•  identification  of  each  particle  barycenter; 

•  trajectories  reconstruction: 

•  velocity  evaluation; 

•  reconstruction  of  velocity  field  in  a  regular  grid 
using  a  gaussian  filter. 

3.  RESULTS 

The  images  for  PTV  analyses  are  obtained 
with  two  different  light  sheet  positions: 

•  longitudinal  light  sheet  in  the  plane  xz  of  water 
tunnel  and  jet  axes; 

•  transversal  light  sheet  in  the  plane  yz  perpendicular 
to  the  mean  flow  direction;  the  images  are  acquired  at 
different  distances  from  the  jet  entrance. 


Fig.  6  Axes  of  the  jet:  comparison  between  theoretical 
approximation  and  experimental  data  (R=4). 


Fig.  7  Velocity  profiles  in  some  transversal  sections 
of  the  jet  (R=4).  W*eu  is  the  velocity  measured  at  the 
exit  of  the  nozzle. 
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Fig.  8  Detail  of  the  velocity  field  in  a  plane 
perpendicular  to  the  mean  velocity  (R=4) 

In  Fig.  4  an  example  of  the  results  obtained 
by  means  of  a  longitudinal  light  sheet  is  shown. 
Starting  from  the  trajectories,  the  mean  velocity  and 
turbulence  intensity  field  in  a  regular  grid  can  be 
obtained  (Fig.  5).  From  an  analysis  of  this  data  it  is 
possible  to  evaluate  the  position  of  the  jet  axis.  The 


(a) 


jet  axis  is  defined  as  the  points  location  where  the 
mean  velocities  assume  the  maximum  values  in  a 
transversal  section  of  the  same  jet. 

In  Fig.  6  the  results  obtained  for  R  =  4  are 
shown.  These  results  are  compared  with  those 
obtained  by  other  authors  (Kamotani  e  Greber,  1972; 
Shandorov,  1957)  and  with  the  trend  resulting  from 
use  of  an  integral  method,  due  to  Vizel  and 
Mostinskii  (1965): 


where  a  and  b  are  constant  values  which  can  be 
determined  by  means  of  a  least  squares  method. 

The  trend  of  the  velocity  (Fig.  7)  in  the 
direction  of  the  jet  axis  for  different  cross  sections 
show  an  evident  skewness  for  small  values  of  s/D  (s  is 
the  curvilinear  abscissa).  Further  analysis  in  the 
longitudinal  plane  were  carried  out  on  transversal 
planes  (orthogonal  to  the  velocity  of  the  main  flow). 

Fig.  8  shows  the  velocity  field  obtained 


(b) 
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likewise  by  means  of  tracking 
analysis  and  subsequently 
reconstructed  using  in  a  regular  grid  a  suitable 
interpolation  technique.  Two  opposite  rotating 
vortical  structures  are  clearly  visible.  In  fig.  9, 


Fig.  9  (a)  Costant  w  values 

(b)  Costant  v  values 

for  two  different  distance  from  the  jet-exit  (R=4) 


Jones  W.P., 

McGuirk  J.J., 
1979,  Computation 
of  a  round 
turbulent  jet  discharging  into  a  confined  cross  flow, 
Turbulent  Shear  Flows  II,  Springer  Verlag,  New 
York. 


referring  to  z  axis,  it  is  possible  to  see  for  two 
different  sections  x/D  how  the  velocity  component  w 
shows  an  evident  symmetry  whereas  the  velocity 
component  v  shows  an  anti  symmetrical  trend. 

4.  CONCLUSION 


Kamotani  Y.,  Greber  I„  1972,  Experiments  on  a 
turbulent  jet  in  a  cross  flow  ,  AIAA  J.,  vol.10,  no.ll. 

Kelso  R.M.,  T.T.  Lim,  A.E.  Perry,  1996,  An 
experimental  study  of  round  jets  in  cross-flow,  J. 
Fluid  Mech.,  vol.  306. 


Experimental  analysis  of  a  jet  in  a  cross  flow 
points  out  a  very  complex  vortex  structure  which  is 
connected  with  a  non  gaussian  velocity  distribution  in 


Fric  T.F.,  Roshko  A.,  1994,  Vortical  structure  in  the 
wake  of  a  transverse  jet,  J.  Fluid  Mech.,  vol.279. 


space. 

PTV  based  on  the  analysis  of  a  large 
quantity  of  images  is  utilised  in  order  to  have  the 
average  of  the  velocity  values  and  evidence  the 
formation  of  two  counter-rotating  vortexes  in  the 
transversal  section. 
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ABSTRACT 

The  mean  velocity  field  of  a  30°  inclined  wall  jet 
has  been  investigated  using  a  two-component  laser 
Doppler  anemometer.  The  role  of  coherent  structures 
arising  from  initial  instabilities  has  been  explored  by 
hot-wire  spectra  measurements.  Results  indicate  that  the 
fundamental  vortex  roll-up  frequency  in  both  the  inner 
and  outer  shear  layer  corresponds  to  a  Strouhal  number 
(based  on  nozzle  exit  momentum  thickness  and  velocity) 
of  0.012.  The  spatial  development  of  instabilities  in  the 
jet  has  been  studied  by  introducing  acoustic  excitation  at 
a  frequency  corresponding  to  the  shear  layer  mode.  The 
formation  of  the  fundamental  and  its  first  subharmonic 
has  been  identified  in  the  outer  shear  layer.  However, 
the  development  of  the  first  subharmonic  in  the  inner 
shear  layer  has  been  severely  suppressed.  Distributions 
of  mean  velocities,  turbulence  intensities  and  Reynolds 
shear  stress  indicate  that  controlled  acoustic  excitation 
enhances  the  development  of  instabilities  and  promotes 
jet  reattachment  of  the  wall,  resulting  in  a  substantially 
reduced  recirculation  flow  region. 

1.  INTRODUCTION 

Turbulent  wall  jets  have  been  extensively  studied 
both  theoretically  and  experimentally.  However,  a 
review  by  Launder  (1983)  on  turbulent  wall  jets  has 
revealed  that  despite  over  two  hundred  publications  on 
the  topic,  accurate  data  particularly  on  the  distribution 
of  turbulence  stresses  are  lacking  and  the  physics  of  the 
flow  is  still  not  well  understood.  With  very  few 
exceptions,  all  the  measurements  so  far  were  conducted 
in  the  fully-developed  region  of  the  jet  where  self 
preservation  is  being  approached  or  has  already  been 


attained.  Some  of  the  more  recent  studies,  such  as 
Matsuda  et  al  (1990),  Katz  et  al  (1992),  Hsiao  &  Sheu 
(1994),  Schneider  &  Goldstein  (1994)  and  Zhou  et  al 
(1996)  have  been  directed  at  studying  the  flow 
structures  in  plane  wall  jets.  In  most  practical 
applications,  a  jet  is  injected  at  an  angle  to  a  solid 
boundary  and  the  region  of  interest  is  within  the  first  ten 
nozzle  widths. 


Forthmann  (1934)  conducted  the  first  experimental 
study  of  an  inclined  wall  jet  and  the  Coanda  effect  (in 
which  a  jet  reattaches  to  a  nearby  solid  surface)  has 
attracted  considerable  attention.  Based  on  surface 
pressure  measurements,  Newman  (1961)  proposed  a 
flow  model  (Figure  1)  that  provides  an  estimate  of  the 
reattachment  distance.  His  results  were  in  fair  agreement 
with  experimental  data  for  P  >  45°  and  for  jet  exit 
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Reynolds  number  >  8000.  The  effect  of  the  wall  angle 
(P)  on  the  development  of  the  velocity  field  of  an 
inclined  wall  jet  was  first  investigated  using  constant 
temperature  hot-wire  anemometry  by  Lai  &  Lu  (1996) 
for  p  =  0°,  15°,  30°  and  45°  and  a  nozzle  exit  Reynolds 
number  of  10,000.  Although  surface  pressure 
measurements  and  flow  visualisation  results  as 
documented  by  Lai  &  Lu  (1992)  seem  to  correlate  quite 
well  with  the  hot-wire  measurements,  the  hot-wire  data 
cannot  discriminate  against  reversed  flow  in  the 
recirculation  flow  region  between  the  main  jet  flow  and 
the  wall.  It  is,  therefore,  essential  to  use  an  instrument 
such  as  laser  Doppler  anemometer  (LDA)  capable  of 
resolving  such  flow  ambiguities.  Furthermore,  the 
instability  characteristics  of  an  inclined  wall  jet  have 
never  been  reported  in  the  literature.  The  objectives  of 
this  paper  are,  therefore, 

(i)  to  study  the  velocity  field  of  a  30°  two-dimensional 
wall  jet  using  a  two-component  LDA  ; 

(ii)  to  present  the  instability  characteristics  of  a  30° 
inclined  wall  jet;  and 

(iii)  to  demonstrate  how  the  spatial  development  of  this 
jet  can  be  controlled  through  acoustic  excitation. 

APPARATUS  AND  INSTRUMENTATION 

Apparatus 


Instrumentation 

Hot-wire  anemometrv  (HWA)  The  frequency 
spectra  in  the  shear  layer  of  the  jet  were  obtained  using  a 
single  hot-wire,  operated  at  an  overheat  ratio  1 .3  with  a 
TSI  IFA100  constant  temperature  anemometer  and  an 
OnoSokki  CF-350  FFT  analyser.  X-wires  were  also 
used  in  some  measurements. 

Laser  Doppler  anemometrv  (LDA)  The  LDA 
system  comprised  a  Coherent's  INNOVA  70  series 
Argon  ion  laser  and  two  DANTEC  57N10  Burst 
Spectrum  Analysers  (BSA).  A  smoke  generator  was 
used  for  seeding  the  flow.  The  liquid  used  to  produce 
smoke  was  non-poisonous  Rosco  “FOG  FLUID”. 
Seeding  particles  (smoke)  were  introduced  into  the  flow 
through  both  sides  of  the  jet  settling  chamber.  The 
Burst  Spectrum  Analysers  were  operated  in  the 
continuous  mode  and  the  number  of  burst  samples  for 
each  measurement  was  at  least  2000.  The  raw  velocity 
data  were  corrected  by  applying  a  weighting  function 
using  the  time  between  particle  arrivals  in  order  to 
reduce  the  velocity  bias  errors.  The  LDA  measurement 
technique  was  first  validated  by  theoretical  results  and 
hot  wire  data  made  in  a  single  free  jet  at  15  nozzle 
widths  downstream  from  the  nozzle  plate  (Lu  (1994)). 


The  two-dimensional  nozzle  facility  comprised  a 
blower,  a  perspex  jet  settling  chamber  and  a  rectangular 
nozzle  with  profiles  based  upon  the  British  Standard 
BS1042.  The  nozzle  dimensions  were:  length  l  =300 
mm,  width  h  =5  mm,  giving  an  aspect  ratio  of  60.  The 
perspex  jet  settling  chamber  is  770  mm  long,  150  mm 
wide  and  400  mm  high.  The  air  flow  rate  can  be 
adjusted  to  give  various  nozzle  exit  velocities  up  to  50 
m/s.  Air  from  the  blower  was  passed  through  a  series  of 
grids  which  reduced  the  turbulence  intensity  at  the 
nozzle  exit  for  the  steady  jet  to  about  0.3  %  at  the 
centre-line,  as  described  by  Lai  &  Simmons  (1985).  The 
wall  length  was  L=500  mm,  giving  L/h  =  100.  The  wall 
angle  (3  was  set  at  30°.  No  side  plates  were  used  to 
enhance  the  two-dimensionality  of  the  flow.  Hot-wire 
and  LDA  probes,  controlled  by  an  NEC  386/20 
computer,  were  traversed  in  the  streamwise  and 
transverse  directions  by  two  stepping  motors.  The 
smallest  step  in  each  direction  was  0.015  mm.  The 
nozzle  exit  Reynolds  number  (based  on  nozzle  width  h 
and  exit  velocity  (U0))  was  6,700.  The  variation  of  the 
ambient  temperature  was  within  ±1°C.  Lai  &  Lu  (1998) 
have  shown  that  for  // h  •  30,  the  jet  is  essentially  two- 
dimensional  even  without  side  plates  installed. 
Furthermore,  for  6,670  •  R0  •  13,340  and  (3  <  50°,  the 
reattachment  length  is  virtually  independent  of  R0. 


RESULTS  AND  DISCUSSIONS 


Initial  Conditions 

It  is  well  known  that  the  spatial  development  of 
free  shear  flows  is  dependent  on  the  initial  conditions. 
For  an  inclined  wall  jet,  initially  at  the  nozzle  exit,  there 
are  two  distinctive  boundary  layers:  the  inner  and  the 
outer  shear  layers.  Fig.  2  shows  the  mean  streamwise 
velocity  profiles  measured  by  a  single  hot-wire  in  the 


1.00 

u/u0 

0.75 

0.50 

0.25  C- 


0.00 


r  i 

o  : 

o 

5  : 

q  outer  boundary  la1 ;  >r 
♦  inner  boundary  lav  5  r 

y/h; 

_L  •  ,  »  1  ■  1  ■  .  1  ■  ■  » . i- 

-0.024  -0.012  0.000  0.012  0.024  0.036 

Fig.  2  Mean  streamwise  velocity  profiles 
at  the  nozzle  exit. 
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It  can  be  seen  that  the  differences  between  the  inner 
and  outer  boundary  layers  velocity  profiles  are  not 
significant.  The  shape  factor  is  2.85.  The  initial 
momentum  thickness  0O  for  (3  =  30°  and  90°  (free  jet) 
was  measured  by  a  single  hot-wire  when  the  nozzle  exit 
Reynolds  number  was  varied  from  3,000  to  10,000.  As 
shown  in  Fig.3,  the  initial  momentum  thickness  for  the 
free  jet  (90°)  is  proportional  to  (U0)'I/2,  in  agreement 
with  results  of  Gutmark  &  Ho  (1983)  and  Hsiao  & 
Huang  (1990)  and  the  results  for  P=30°  also  obeys  the 
same  relationship. 


Fig.  3  Variation  of  the  initial  momentum  thickness  0O 
with  the  nozzle  exit  velocity. 

1  ■  2  r 


■  i  ■  i 1 »  i  1  i  '  i  ■  i  1  i  1  i  1  r  r~i 


2.0  1.0  y/h  o.o 

Fig.  4  (a)  Mean  streamwise  velocity  at  x/h=0.5. 


Fig.  4  (b)  Streamwise  turbulence  intensity  at  x/h=0.5. 

The  mean  streamwise  velocity  and  turbulence 
intensity  profiles  measured  by  LDA  at  x/h=0.5  for  (3  = 
30°  are  shown  in  Figs.  4(a)  and  (b)  respectively. 
Compared  with  a  free  jet  ((3  =  90°)  which  has  top-hat 
velocity  distributions  in  the  potential  core,  the  inclined 
wall  jet  has  inclined  velocity  distributions  near  the 
nozzle  exit,  indicating  that  the  jet  is  deflected  towards 
the  wall.  This  is  known  as  the  Coanda  effect  which  may 
be  explained  as  follows.  As  the  jet  leaves  the  nozzle,  the 
fluid  which  is  entrained  in  the  confined  region  between 
the  jet  and  the  wall  is  accelerated  near  the  wall  and  since 
the  flow  is  two-dimensional,  a  pressure  lower  than  that 
of  the  surroundings  is  produced  on  the  wall. 
Consequently  the  jet  curves  towards  the  wall  and 
reattaches  to  the  wall  if  the  wall  is  long  enough. 

Instability  Characteristics  of  the  Natural  Jet 

In  order  to  observe  the  development  of  instabilities 
in  the  shear  layers  in  free  jet  flows,  measurements  were 
made  at  y  =  y0.9  in  the  inner  edge  of  the  shear  layer 
where  large  momentum  transfer  occurs  between  the  flow 
in  the  potential  core  and  the  flow  in  the  shear  layer 
(Hussain  1983,  Zaman  &  Hussain  1984).  Here  Um  is  the 
local  x-maximum  velocity  and  U  =  0.9Um  at  y  =  y0.9. 
Figs.  5  shows  the  spatial  development  of  the  frequency 
spectra,  u’(/)/  Um  for  p  =  90°  (free  jet).  It  can  be  seen 
that  the  fundamental  vortex  roll-up  frequency  fm  (=2475 
Hz)  is  saturated  at  x/h  =  2.0,  has  started  to  merge  to 
form  the  first  subharmonic  fm  12  at  x/h  =  3.0,  and  by  x/h 
=  6.0  the  third  sub-harmonic /m/8  has  emerged(Fig.  5). 
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Fig.  5  Frequency  spectra  u'(f)/U0  in  the  inner  edge  of  the 
shear  layer  for  a  free  jet. 

Fig.  6  (a)  shows  the  frequency  spectra  of  u’(/)/U0 

at  y  =  y0.9  in  the  outer  shear  layer  for  P  =  30°.  The 
fundamental  frequency  fm  in  the  outer  shear  layer  for  the 
inclined  wall  jet  equals  that  in  the  free  jet  (p  =  90°). 
However,  the  amplitude  of  u ’(/m)  is  different  for  P  —  30 
and  90°.  This  is  because  the  coordinate  system  (x-y)  is 
dependent  on  the  wall  angle  P;  the  shift  of  maximum 
u’(/m)  observed  in  Figs.  5  and  6(a)  is  due  to  the  rotation 
of  the  (x-y)  coordinate  system.  If  the  locations  of 
maximum  u’(/m)  are  evaluated  under  the  (X-Y) 
coordinate  system,  they  are  nearly  the  same  for  different 
p.  Fig.  6(a)  shows  that  for  p  =  30°,  only  the 
fundamental  frequency  fm  and  its  first  sub-harmonic  fJ2 
are  found  in  the  flow  development  region  in  the  outer 
shear  layer. 


(b)  in  the  inner  edge  of  the  inner  shear  layer 

Fig.  6  Frequency  spectra  u'(f)/U0  for  P  =  30°. 

Spectra  measurements  for  the  inner  shear  layer 
edge  made  at  y  =  y.0.9  for  p  =  30°  are  shown  in  Fig.  6(b). 
The  fundamental  frequency  of  2475  Hz  can  be  identified 
at  x/h  =  0.5.  However,  unlike  in  the  outer  shear  layer, 
there  is  no  evidence  of  the  formation  of  subharmonics  in 
the  inner  shear  layer  primarily  because  of  the  constraint 
imposed  by  the  wall. 

In  two-dimensional  free  jets,  the  flow  patterns 
within  two  symmetrical  shear  layers  have  the  same 
mechanism  in  the  development  of  instabilities.  On  the 
other  hand,  in  an  inclined  wall  jet,  the  flow  mechanism 
between  the  inner  and  outer  shear  layers  is  quite 
different  because  of  the  asymmetrical  structure  and  the 
presence  of  the  wall.  A  principal  distinction  of  free-  and 
wall-bounded  flows  is  derived  from  their  different 
instability  characteristics  (Fiedler  &  Fernholz  1990). 
While  wall-bounded  flows  are  Orr-Sommerfeld 
unstable,  with  viscosity  playing  a  crucial  role,  free  flows 
are  in  essence  Rayleigh  unstable.  There  the  effect  of 
viscosity  is  only  of  damping  influence  and  the  primary 
instability  is  characterised  by  vortical  induction. 

Fig.  7  shows  the  variation  of  fm  with  the  nozzle  exit 
velocity  U0.  It  is  clear  that  for  P  =  30°,  fm  varies  with 
(U0)3/2,  which  is  the  same  as  for  free  jets  reported  by 
Hsiao  and  Huang  (1990).  By  combining  the  results  of 
the  initial  momentum  thickness  0O  in  Fig.3  and/m  in  Fig. 
7,  the  fundamental  mode  expressed  in  terms  of  the 
Strouhal  number  Ste(=  90  fm  dJ0)  f°r  P  =  30°  is 
approximately  0.012,  virtually  independent  of  R0  in  the 
range  3000  <  R0  <11,000.  These  results  are  in  good 
agreement  with  those  for  free  shear  layer  flows  reported 
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by  Fiedler  &  Fernholz  (1990),  Hussain  &  Zaman  (1978) 
and  Hussain  (1983). 


Mean  Velocity  Field 

Fig.  8  displays  the  general  flow  pattern  of  a  30° 
inclined  wall  jet  by  injecting  smoke  at  the  lips  of  the 
nozzle  and  illuminating  it  with  a  laser  sheet.  The 
general  features  of  an  inclined  wall  jet,  such  as  the  inner 
shear  layer,  the  outer  shear  layer  and  the  recirculation 
flow  region  as  shown  schematically  in  Fig.  1,  can  be 
discerned.  It  can  be  seen  that  the  jet  is  separated  from 
the  wall  as  soon  it  leaves  the  nozzle,  then  curves 
towards  the  wall  and  reattaches  to  it  at  some  distance 
downstream.  Further  downstream  the  jet  develops  into  a 
wall  jet  flow.  The  flow  field  of  the  inclined  wall  jet  may 
be  controlled  by  acoustically  exciting  it  at  a  frequency/,, 
equal  to  the  fundamental  frequency  of  2475  Hz,  to 
promote  the  development  of  the  outer  free  shear  layer 
mode.  Following  Vlasov  and  Ginevski  (1976),  the 
excitation  level  e  was  defined  in  terms  of  v’(/j,)/U0, 
where  v’(fe )  is  the  rms  transverse  fluctuation  velocity  at 
ft  measured  at  x/h=0.8.  It  was  found  by  Lu  (1994)  that 
u’/U0  increases  with  £  until  £  =  0.06  and  remains 
relatively  constant  up  to  about  0.06.  Hence  an  excitation 
level  of  0.016  was  used.  As  shown  in  Fig.  9(b),  while 
the  excited  jet  displays  essentially  the  same  flow 
features  as  the  unexcited  jet,  the  recirculation  flow 
region  has  been  substantially  reduced  in  size  by  the 
excitation. 


Fig.  9(b)  Excited  30°  inclined  wall  jet. 


Mean  streamwise  and  transverse  velocity  profiles 
measured  by  LDA  at  various  streamwise  distances  (x/h) 
for  the  unexcited  and  excited  jets  are  shown  in  Figs. 
10(a)  and  (b)  respectively.  It  can  be  seen  from  Fig.lO(a) 
that  the  mean  streamwise  velocities  near  the  wall  and 
immediately  downstream  of  the  nozzle  are  negative  for 
both  the  unexcited  and  excited  jets,  indicating  reversed 
flow  and  the  presence  of  a  recirculation  flow  region  as 
observed  in  Fig.  9.  However,  Fig.  10(a)  clearly  shows 
that  the  excitation  promotes  the  deflection  of  the  jet 
towards  the  wall  and  earlier  reattachment.  This  result  is 
further  supported  by  the  mean  transverse  velocity 
profiles  shown  in  Fig.  10(b).  Under  controlled  acoustic 
excitation,  V  starts  to  turn  largely  negative  near  the  wall 
by  x/h  =  3,  indicating  a  strong  flow  towards  the  wall.  By 
comparisons,  for  the  unexcited  jet,  V  does  not  turn 
negative  until  about  x/h=5. 


Turbulence  field 

Turbulence  intensities  The  spatial  development  of 
streamwise  and  transverse  turbulence  intensities  (u’/U0 
and  v’/U 0)  in  the  x-  and  y-directions  for  unexcited  and 
excited  jets  is  displayed  in  Figs.  10(c)  and  (d) 
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respectively.  The  turbulence  intensity  distributions 
exhibit  two  peaks  in  u’  and  v’,  which  are  associated  with 
the  inner  and  outer  shear  layers.  Moreover,  initially  for 
x/h  •  3,  under  both  natural  and  excited  conditions,  the 
peak  of  u’/U0  in  the  inner  shear  layer  is  higher  than  that 

in  the  outer  shear  layer  whereas  the  peak  of  the 
transverse  turbulence  intensity  distributions  v  /U0  in  the 
outer  shear  layer  is  higher  than  that  in  the  inner  shear 
layer.  This  is  because  the  flow  is  constrained  in  the 


inner  shear  layer  in  the  y-direction,  and  the  flow  in  the 
outer  shear  layer  is  relatively  “free”.  Furthermore, 
initially,  the  streamwise  and  turbulence  intensities  in 
both  the  outer  and  inner  shear  layer  under  excitation  are 
higher  than  those  of  the  unexcited  jet.  These  differences 
are  significantly  reduced  by  x/h  =10  where  both  the 
unexcited  and  excited  jets  have  started  to  develop  into 
an  ordinary  wall  jet. 
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Fig.  10(c)  Streamwise  turbulence  intensity  profiles. 
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Fig.  10(e)  Reynolds  shear  stress  profiles. 


Comparisons  of  the  spatial  development  of 

Reynolds  stress  -uv,  /U2,o  between  the  unexcited 
and  excited  jets  are  made  in  Fig.  10(e).  Similar  to  the 
turbulence  intensity  profiles,  the  inner  and  outer  shear 

layers  can  be  identified  by  the  peaks  in  -uv,  /U2,0  • 
As  the  flow  proceeds  downstream,  large  negative 

values  of  -uv,  /U2,o  can  be  identified  near  the  wall, 
characterising  the  momentum  transfer  between  the 
inner  shear  layer  and  the  recirculation  flow  region.  As 
shown  below,  reattachment  has  been  determined  to 
occur  at  x/h  •  4.5  under  excitation  compared  with  x/h 
•  6.2  for  the  unexcited  jet.  For  both  the  unexcited  and 
excited  jets,  the  magnitude  of  the  Reynolds  shear  stress 
reaches  a  maximum  value  in  the  vicinity  of  the 
reattachment  point,  indicating  high  momentum  transfer 
due  to  the  jet  impinging  on  the  wall. 
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Fig.  1 1  Velocity  vectors  in  the  recirculation  flow 
region. 

Recirculation  Flow  Region 

Figs.  11(a)  and  (b)  display  the  mean  velocity 
vectors  constructed  from  the  mean  streamwise  and 
transverse  velocities  determined  by  LDA  in  the 
recirculation  flow  region  for  the  unexcited  and  excited 
jets  respectively.  The  reversed  flow  region  covers  the 
initial  area  in  the  vicinity  of  the  nozzle  exit  bounded  by 
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the  wall,  the  nozzle  plate  and  the  inner  shear  layer. 
High  reversed  flow  velocity  occurs  just  upstream  of 
the  reattachment  point  where  there  is  high  momentum 
transfer.  The  local  maximum  reversed  flow  velocity 
decreases  as  the  fluid  flows  upstream  in  the 
recirculation  flow  region.  It  is  interesting  to  note  that 
the  location  of  maximum  reversed  flow  velocity  is 
shifted  away  from  the  wall  surface  as  the  flow  reverses 
from  the  reattachment  point.  The  reversed  flow 
velocity  gradient  near  the  wall  is  highest  just  upstream 
of  the  reattachment  point  and  then  deceases  as  x 
decreases.  It  can  be  determined  from  Figs.  11(a)  and 
(b)  that  the  time-averaged  position  of  the  reattachment 
point  is  located  at  x/h  •  6.2  for  the  unexcited  jet, 
compared  with  x/h  •  4.5  under  acoustic  excitation. 
The  size  of  the  recirculation  flow  region  has  been 
substantially  reduced  by  acoustic  excitation. 

Instability  development 

In  order  to  study  the  instability  development  of  the 
inner  and  outer  shear  layers,  the  30°  jet  was  excited 
acoustically  with  fe  =  2475  Hz  ,  £  =  0.016  at  R0  =  6700. 
Contours  of  the  spatial  development  of  the 
fundadmental  u’(fj  and  the  first  subharmonic  u’(fm/2) 
are  shown  in  Figs™.  12(a)  and  (b)  respectively.  These 
contour  plots  show  that  the  instabilities  undergo  only 
two  stages  of  evolution  of  instabilities  in  the  outer 
shear  layer:  the  formation  of  the  fundamental 
instability  and  its  first  subharmonic.  While  the 
development  of  the  fundamental  instability  in  the  inner 
shear  layer  can  be  observed,  the  formation  of  its 
subharmonic  is  just  detectable. 


u'(fm )  /u‘ 


Fig.  12  Spatial  development  of  instability  modes. 

In  the  outer  shear  layer,  the  fundamental 
instability  wave  u’(fm)  appears  to  saturate  at  about  x/h 
=  0.8  but  it  is  still  detectable  by  x/h  =  2.  By 
comparisons,  in  the  inner  shear  layer,  the  fundamental 
u’(fm)  structure  is  much  smaller  in  size.  While  the  first 
subharmonic  instability  in  the  outer  shear  layer  has 
developed  into  a  very  large  structure  by  x/h=2,  its 
counterpart  in  the  inner  shear  layer  is  virtually 
suppressed.  The  development  of  instability  waves  in 
the  inner  layer  is  inhibited  because  of  the  constraint 
imposed  by  the  wall  and  the  recirculation  flow. 

CONCLUSIONS 

The  mean  velocity  and  turbulence  field  of  a  30° 
inclined  wall  jet  has  been  measured  using  hot-wire  and 
laser  Doppler  anemometry  for  a  nozzle  exit  Reynolds 
number  of  6,700.  The  LDA  results  indicate  that  the  jet 
is  separated  from  the  wall  as  soon  as  it  leaves  the 
nozzle  but  due  to  the  subatmospheric  pressure  in  the 
region  confined  between  the  wall,  the  nozzle  plate  and 
the  inner  shear  layer  of  the  jet,  the  jet  is  attracted 
towards  the  wall  and  reattaches  to  it  at  6.2  nozzle 
widths  downstream.  Hot-wire  spectra  measurements  in 
the  inner  and  outer  shear  layers  indicate  that  the 
fundamental  vortex  roll-up  frequency  (corresponding 
to  the  shear  layer  mode)  is  the  same  as  that  for  a  free 
jet  with  a  Strouhal  number  of  0.012.  The  spatial 
development  of  the  fundamental  and  first  subharmonic 
instabilities  was  investigated  by  acoustically  exciting 
the  jet  at  a  frequency  corresponding  to  the  shear  layer 
model  with  an  excitation  level  based  on  normalised 
transverse  velocity  fluctuation  of  0.016  at  the  nozzle 
exit.  While  the  formation  of  the  fundamental  vortex 
roll  up  and  the  merging  of  the  fundamental  to  form  the 
first  subharmonic  have  been  identified  in  the  outer 
shear  layer,  the  formation  of  the  first  subharmonic  in 
the  inner  shear  layer  is  barely  detectable  because  of  the 
constraint  imposed  by  the  wall  and  the  recirculation 
flow  region.  LDA  results  indicate  that  acoustic 
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excitation  introduced  at  the  shear  layer  mode  enhances 
the  development  of  instabilities  and  promotes  jet 
reattachment  to  the  wall,  thus  reducing  substantially  the 
size  of  the  recirculation  flow  region. 
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ABSTRACT 

Using  the  laser-induced  fluorescence  technique, 
the  detailed  transition  of  tsunami  to  runup  process  is 
observed  and  classified.  For  the  generated  waves  with 
offshore  Froude  numbers  ranging  from  1.10  to  1.46,  it 
is  found  that  there  are  basically  four  types  of  wave-to- 
runup  transition  modes  namely,  collision  type, 
plunging  type,  collapsing  type,  and  gradual  type. 


1.  INTRODUCTION 

When  a  tsunami  wave  approaches  the  shore,  it  can 
be  in  the  form  of  a  nonbreaking  wave,  a  breaking 
wave,  or  a  broken  wave  (bore).  The  transition  of 
these  waves  to  their  corresponding  runup  processes 
could  have  significant  effects  on  the  runup  flow 
velocities  and  the  final  maximum  runup  height,  which 
will  affect  the  design  of  tsunami-proof  structures  as 
well  as  the  determination  of  the  extent  of  coastal 
flooding.  Due  to  the  horizontal  characteristic  length 
scale  of  a  tsunami  is  much  larger  than  the  vertical 
one,  most  of  the  mathematical  models  for  tsunami 
propagation  and  runup  are  based  on  the  shallow-water 
wave  theory. 

For  a  simple  nonbreaking  wave  (e.g.  solitary  and 
cnoidal  waves),  the  shallow-water  wave  theory  can 
predict  not  only  the  maximum  runup  height  but  also 
the  runup  process  itself  on  a  plane  beach  (Synolakis, 
1991).  Nevertheless  Synolakis  (1991)  also  pointed 
out  that  the  apparent  excellent  predictive  capability  of 
the  shallow-water  wave  equations  on  the  evolution  of 
the  maximum  wave  height  and  on  the  maximum 
runup  should  not  be  extrapolated  to  conclude  that  the 
details  of  the  evolution  are  also  modeled  equally  well 
in  all  cases,  especially  the  wave  to  runup  transition 
process  at  the  shoreline. 

Once  the  incoming  tsunami  wave  breaks  offshore, 
the  shallow-water  wave  theory  predicts  the  runup 
motions  poorly;  the  maximum  runup  heights  in  a 


laboratory  are  always  less  than  the  prediction  based 
on  the  shallow-water  wave  theory  (Miller,  1968). 
The  discrepancy  was  addressed  as  the  effects  of 
friction  by  Hibberd  and  Peregrine  (1979).  Then 
Packwood  and  Peregrine  (1981)  modified  Hibberd 
and  Peregrine’s  (1979)  numerical  model  by 
incorporating  the  friction  effects  with  the  Chezy 
friction  term.  Even  with  a  reasonable  value  of  Chezy 
friction  coefficient,  their  model  predictions  still 
considerably  exceed  Miller’s  (1968)  experimental 
results  which  indicate  that  the  friction  effects  alone 
cannot  be  the  explanation  for  the  discrepancy.  Yeh 
and  Ghazali  (1986,  1988)  suspected  that  the 
discrepancy  in  the  maximum  runup  height  prediction 
may  be  caused  by  the  bore  to  runup  transition  process 
that  occurs  near  the  shoreline.  They  experimentally 
examined  the  “bore  collapse”  process  described  in 
many  mathematical  models.  Note  that  the 
theoretical  ‘bore  collapse’  process  is  due  to  Whitham 
(1958)  and  Ho  and  Meyer  (1962)  who  applied  the 
jump  conditions  at  the  bore  front,  and  found  that  the 
bore  height  vanishes  as  it  approaches  the  shoreline 
while  the  fluid  velocity  and  the  bore  propagation 
velocity  merge  to  a  common  finite  value.  However, 
acceleration  of  the  fluid  parcels  at  the  shoreline  is 
singular.  In  short,  the  ‘bore  collapse’  process  is  a 
rapid  conversion  of  potential  to  kinetic  energy.  Yeh 
and  Ghazali  (1986,  1988)  found  that  the  theoretical 
‘bore  collapse’  never  exits,  and  the  transition  of  bore 
to  runup  mode  is  different  between  developed  and 
undular  bore.  For  fully  developed  bore,  its  front  does 
not  reach  the  shoreline  directly  but,  instead,  pushes  a 
small  wedge  of  quiescent  water  in  front.  This 
transition  process  involves  ‘momentum  exchange’ 
between  the  bore  and  the  water  wedge  ahead  of  it 
(Yeh  and  Ghazali:  1986,  1988).  On  the  other  hand, 
file  ‘momentum  exchange’  does  not  take  place  in  an 
undular  bore,  its  front  face  overturns  directly  onto  the 
dry  beach  and  initiates  the  runup  motion.  Yeh  et  al 
(1989)  furthered  their  studies  to  the  runup  process  by 
measuring  the  runup  speed.  They  found  that  the 
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mavirmim  runup  height  of  a  fully  developed  bore  is 
found  to  be  about  60%  of  the  value  predicted  by  the 
inviscid  theory.  The  reduction  of  the  kinetic  energy 
available  for  the  runup  process  partly  results  from  the 
‘momentum  exchange’  initiated  by  the  pressure 
gradient  which,  in  turn,  plays  an  important  role  at  the 
early  stage  of  the  runup  mode. 

Since  the  detail  transition  of  tsunami  wave  to 
runup  appears  to  play  an  important  role  on  the 
subsequent  runup  process  and  there  is  no  theoretical 
or  numerical  model  which  can  describe  it  properly, 
experimental  observation  will  certainly  give  further 
insight  in  this  highly  nonlinear  and  complex  problem. 
The  present  study  focuses  on  the  experimental 
observation  of  the  tsunami  wave  to  runup  transition 
using  laser-induced  fluorescence  technique  with  the 
objective  to  classify  their  types. 


distance  for  the  generated  wave  to  separate  from  the 
disturbance  produced  by  the  gate  uplift.  Note  that  the 
wave  generation  scheme  in  the  present  study  was 
adopted  from  Yeh  et  al.  (1989). 

A  4-watt  Argon-ion  laser  is  used  for  the 
visualization  of  wave  profile.  The  emitted  laser  beam 
is  converted  to  a  thin  sheet  (1-mm  thick)  of  laser  light 
through  a  resonant  scanner.  The  scanner  is  capable  of 
sweeping  the  beam  at  1200  Hz  with  a  maximum  of  a 
50°  peak-to-peak  angle.  The  generated  laser  sheet  is 
projected  from  above  in  the  cross-shore  direction  and 
illuminates  the  vertical  longitudinal  plane  of  the 
water  dyed  with  fluorescein  along  the  centerline  of 
the  tank.  The  detailed  wave-to-runup  transition 
process  illuminated  with  the  laser-induced 
fluorescence  were  recorded  by  a  high  speed  3-CCD 
video  camera  for  analysis. 


2.  EXPERIMENT 

A  series  of  experiments  was  performed  in  a  9.0  m 
long,  1.2  m  wide,  and  0.9  m  deep  water  tank  situated 
at  the  Harris  Hydraulic  Laboratory  of  the  University 
of  Washington.  A  schematic  view  of  the 
experimental  setup  is  shown  in  Fig.  1.  A  1.5° 
uniformly  sloping  beach  is  constructed  by  1.9  cm 
thick  Plexiglas  plates  bolted  on  an  aluminum  frame. 
A  tsunami  is  generated  by  lifting  a  12.7  mm  thick 
aluminum  gate  which  initially  separates  the  quiescent 
water  on  the  beach  side  from  the  deeper  water  behind. 
This  wave-generation  scheme  has  an  advantage  since 
the  theoretical  prediction  of  the  waves  (especially 
bores)  can  be  made  from  the  classical  dam-break 
problem.  A  pneumatic  cylinder  which  is  electrically 
activated  by  a  single  solenoid  valve  with  650  kPa 
operating  air  pressure  is  used  to  lift  the  gate  in  a 
controlled  manner.  The  distance  from  the  gate  to  the 
beach  toe  was  1.5  m  in  order  to  provide  a  sufficient 


3.  RESULTS 

The  generated  waves  have  offshore  Froude 
numbers  F  =  U^ghJ172  ranging  from  1.10  to  1.46, 
where  U0  is  the  speed  of  the  wave  front  in  the 
uniform  water  depth  offshore.  The  results  indicate 
that  there  are  basically  four  types  of  wave-to-runup 
transition  modes;  i.e.  (1)  collision  type,  (2)  plunging 
type,  (3)  collapsing  type,  and  (4)  gradual  type.  Each 
of  the  cases  is  described  below, 
i)  The  collision  type  (1.34  <  F  <  1.46):  The  wave 
is  broken  and  is  fully  developed  into  a  bore 
before  it  reaches  the  shoreline;  i.e.  the  bore  has 
an  entirely  turbulent  front  face.  As  the  bore 
approaches  the  shoreline,  there  is  a  momentum 
exchange  between  the  bore  and  the  water  body 
ahead  of  it;  the  bore  keeps  pushing  the  initially 
quiescent  mass  of  water  in  front  of  it  as  it 
advances  to  shore,  so  the  bore  front  itself  never 
reaches  the  shoreline  directly  and  the  subsequent 


Figure  1.  A  schematic  view  of  the  experimental  apparatus. 
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runup  is  led  by  the  pushed  water.  The  present 
observation  is  consistent  with  that  observed  by 
Yeh  et  al  (1989).  (Figure  2,  F  =  1.46) 
ii)  The  plunging  type  (F  =  1.24):  The  generated 
wave  is  unborken  before  reaching  the  shoreline. 


As  the  wave  shoals,  its  front  face  starts  to 
steepen  and  eventually  reaches  to  almost  vertical 
at  location  very  close  to  the  shoreline.  Then  the 
bore  front  overturns  directly  onto  the  dry  beach 
and  initiates  the  runup  process.  (Figure  3) 
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Figure  2.  Collision-type  wave  to  runup  transition  Figure  3.  Plunging-type  wave  to  runup  transition 

process.  Offshore  Froude  number,  F  =  1.46.  process.  Offshore  Froude  number,  F  =  1.24. 
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iii)  The  collapsing  type  (F  =  1.18):  The  generated 
wave  is  unbroken  before  reaching  the  shoreline. 
As  the  wave  shoals,  its  front  face  starts  to 
steepen  and  eventually  reaches  to  almost  vertical 
at  location  very  close  to  the  shoreline.  Then  the 
upper  part  of  the  bore  front  curves  forward  to 
initiate  the  overturning  motion  similar  to  the 
plunging  type  transition.  However,  the  bore 
collapses  before  the  overturning  process  starts 
by  shooting  the  bore  front  toe  up  the  dry  bed  to 
initiate  the  runup  process.  (Figure  4) 

iv)  The  gradual  type  (F  =  1.10):  The  generated 
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wave  is  smooth  and  its  steepness  is  small  at  all 
time.  As  the  wave  shoals,  its  front  face  steepens 
as  it  reaches  to  the  shoreline.  Unlike  the 
plunging  type,  its  front  face  slope  never  reaches 
to  vertical  and  it  does  not  overturn  onto  the  dry 
beach.  Instead,  when  the  steepened  wave  front 
reaches  the  shoreline,  its  toe  starts  to  move  up 
the  dry  bed  and  the  rest  of  the  wave  follows. 
During  the  entire  process,  the  water  surface 
appears  to  be  smooth  and  continuous  and  the 
transition  from  wave  to  runup  is  gradual.  (Figure 

5) 


t  =  0.000  sec. 


t  =  0.033  sec. 


t  =  0.067  sec. 


t  =  0.100  sec. 


t  =  0.133  sec. 


t  =  0.167  sec. 


Figure  4.  Collapsing-type  wave  to  runup  transition 
process.  Offshore  Froude  number,  F  =  1.18. 


Figure  5.  Gradual-type  wave  to  runup  transition 
process.  Offshore  Froude  number,  F  =  1.10. 
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4.  CONCLUDING  REMARKS 


The  detailed  process  of  the  transition  from 
tsunami  wave  to  runup  mode  was  revealed  and 
classified.  It  was  found  that  there  are  four  transition 
processes  for  waves  with  offshore  Froude  number 
ranging  from  1.10  to  1.46.  These  different  transition 
processes  for  different  waves  may  give  additional 
explanations  for  the  discrepancies  or  agreements  of 
the  resulting  maximum  runup  height  between  the 
theory  and  measurements.  For  the  cases  with 
breaking  incoming  waves,  it  should  be  noted  that  the 
turbulence  generated  by  the  wave  breaking  action,  in 
addition  to  the  wave-to-runup  transition,  may  play 
important  role  in  affecting  the  resulting  maximum 
runup  height  as  pointed  out  by  Yeh  et  al  (1989).  For 
the  cases  with  small  Froude  number  (F  <  1.20),  the 
wave  is  nonbreaking  and  its  transition  to  runup 
process  appears  to  be  smooth.  This  may  be  the 
reason  that  the  maximum  runup  height  can  be 
modeled  rather  accurately  even  with  the  linear  theory 
(Synolakis,  1991).  Nevertheless  the  detailed 
evolution  from  wave  to  runup  transition  for  these 
waves  are  mainly  affected  by  viscosity,  surface 
tension  and  consequently  the  water-air-beach  contact 
line,  which  many  mathematical  models  do  not  take 
into  account  and  therefore  cannot  be  modeled 
adequately. 
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ABSTRACT 

An  Optical  Flow  technique  based  on  the  use 
of  Dynamic  Programming  has  been  applied  to 
Particle  linage  Velocimetry  yielding  a  significant 
increase  in  the  accuracy  and  spatial  resolution  of  the 
velocity  field.  Results  are  presented  for  an  interaction 
between  a  laminar  boundary  layer  and  a  cavity. 

The  experimental  characterisation  of  the 
interaction  between  a  boundary  layer  and  a  cavity 
was  developed  in  order  to  valid  a  three  dimensional 
computation  code  based  on  the  L.E.S.  method  (Large 
Eddies  Simulation).  The  main  application  of  this 
work  is  the  study  of  the  pollutant  transport  and 
dispersion  in  a  canyon  street 


INTRODUCTION 


The  aim  of  this  investigation  is  to  explore 
the  possibility  of  using  an  optical  flow  technique  in 
measuring  fluid  flow  velocity.  Classical  flow 
visualisation  is  based  on  direct  observation  of  tracer 
particles.  Analysis  of  subsequent  images  searching 
for  local  displacements  allows  quantitative 
measurement  of  two-dimensional  flow  fields.  The 
optical  flow  method  offers  a  new  approach  for 
analysing  flow  images.  It  largely  improves  spatial 
accuracy  and  minimises  the  number  of  spurious 
vectors.  Application  of  this  method  may  help  in 
quantitative  analyses  of  several  challenging  problems 
of  fluid  mechanics,  as  well  as  in  full  plane  validation 


of  their  numerical  counterparts.  This  technique  has 
been  tested  for  calibrated  synthetic  sequences  of 
images  (Quenot  et  al.,  1998).  It  was  observed  that  the 
accuracy  remains  better  than  0.5  pixels/fiame. 

The  study  of  the  interaction  between  a 
boundary  layer  and  a  cavity  is  an  approach  in 
characterisation  of  flow  regimes  within  the  urban 
canyon  (Hunter  et  al.,  1991). 

Much  attention  has  been  directed  to  the 
study  of  the  various  canyon  flow  regimes  (DePaul 
and  Sheih,  1986;  Oke,  1988)  since  air  flow  is 
responsible  for  the  transport  of  properties  such  as 
pollutants,  heat  and  moisture.  A  number  of  studies 
have  referred  to  the  existence  of  a  vortex  cell  within 
an  urban  street  canyon  when  ambient  winds  aloft  are 
perpendicular  to  the  street 

Canyon  geometry  is  an  important 
determinant  of  characteristic  airflow  observed  within 
urban  canyons.  Three  principal  flows  regimes  are 
"skimming11  flow,  "wake  interface"  flow  and  "isolated 
roughness"  flow,  following  the  nomenclature  of  Oke 
(1987).  The  transition  between  flows  is  determined 
by  canyon  geometry  and  can  be  described  in  terms  of 
threshold  height/width  (HAV)  ratios  for  an  arbitrary 
length  (L/H)  ratio. 

Previous  studies  used  a  k-s  turbulence  model 
of  air  flow  to  confirm  the  wind  tunnels  observations. 
The  model  was  based  on  that  developed  by  Paterson 
and  Apelt  (1989)  to  predict  pressure  experienced  by 
walls  of  buildings  within  cities.  It  solves  the  Navier- 
Stokes  equations  for  momentum  and  the  equations 
for  the  transportation  and  dissipation  of  turbulent 
kinetic  energy. 


An  approach  Large  Eddies  Simulation  was 
proposed  (Chabni,  1997)  which  predict  the  large 
eddies  structures  characterised  by  a  higher  turbulent 
kinetic  energy  and  it  models  only  the  little  scales  (not 
accessible  to  the  numerical  discretisation).  The  aim  of 
our  study  is  to  provide  experimental  results  in  order 
to  valid  the  numerical  model.  The  results  obtained  by 
optical  flow  technique  was  compared  with  those 
obtained  by  classical  DPIV  (Digital  Particle  Image 
Velocimetry)  based  on  cross-correlation  (Hiller  et  al., 
1993)  and  then  with  the  numerical  results. 

Optical  Flow  for  DPIV 

Optical  flow  computation  consists  in 
extracting  a  dense  velocity  field  from  an  image 
sequence  assuming  that  the  intensity  is  conserved 
during  the  displacement  Several  techniques  have 
been  developed  for  the  computation  of  optical  flow. 
In  a  survey  and  comparative  performance  study, 
Barron  et  al.  (1994)  classify  them  in  four  categories: 
differential,  correlation  based,  energy  based  and 
phase  based.  Not  all  of  these  are  well  suited  for  the 
DPIV  problem.  Many  of  these  require  long  image 
sequences  that  are  not  easily  obtained  experimentally. 
The  technique  that  was  chosen  for  DPIV  application 
was  introduced  by  Quenot  (1992)  as  Orthogonal 
Dynamic  Programming  (ODP)  algorithm  for  optical 
flow  detection  from  a  pair  of  images.  It  has  been 
extended  to  be  able  to  operate  on  longer  sequences  of 
images  and  to  search  for  subpixel  displacement 
(Quenot,  1996).  The  ODP  based  DPIV  will  referred 
to  as  ODP-DPIV.  Compared  with  other  optical  flow 
approaches  or  to  the  classical  correlation  based 
DPIV,  the  ODP-DPIV  has  the  following  advantages: 
(i)  it  can  be  applied  simultaneously  to  sequences  of 
more  than  two  images;  (ii)  it  performs  a  global  image 
matrh  by  enforcing  continuity  and  regularity 
constrains  on  the  flow  field.  This  helps  in  ambiguous 
or  low  particle  density  regions;  (iii)  It  provides  dense 
velocity  fields  (neither  holes  nor  border  offsets);  (v) 
local  correlation  is  iteratively  searched  for  in  regions 
whose  shape  is  modified  by  the  flow,  instead  of  being 
searched  by  fixed  windows.  This  greatly  improves 
the  accuracy  in  regions  with  strong  velocity 
gradients. 

The  orthogonal  algorithm 
Strip  to  strip  alignment 

The  algorithm  is  based  on  the  search  of  a 
transformation  that  relates  the  second  unage  to  the 
first  one  and  minimises  the  Minkowski  distance  of 
first  and  second  order,  Li  and  L2. 


The  matching  is  global  and  does  not  require  any 
previous  segmentation  or  features  extraction.  The 
main  idea  is  to  transform  the  search  problem  for  two- 
dimensional  displacements  into  a  carefully  selected 
sequence  of  search  problems  for  one  dimensional 
displacement,  thereby  decreasing  greatly  the 
complexity. 

First,  the  two  images  are  identically  sliced  into 
several  parallel  overlapping  strips  (Fig.  1).  Then,  for 
every  pair  of  strips,  an  optimal  match  is  searched  for 
with  displacement  allowed  only  in  the  slicing 
direction  and  identical  for  all  the  pixels  in  the  same 
column  in  the  orthogonal  direction  (Fig.  2) 

A  dense  field  of  displacements  (between 
column  vectors)  is  found  for  every  pair  of  strips 
minimising  the  Minkowski  distance  between  them 
with  help  of  a  dynamic  programming  algorithm 
(Dynamic  Programming  is  used  in  the  orthogonal 
algorithm  because  it  appeared  to  be  the  most  efficient 
way  for  performing  an  optimal  strip  to  strip 
matching).  This  gives  us  a  displacement  value  at 
every  point  of  the  central  fibre  of  all  strips.  Then 
displacement  values  for  all  other  pixels  of  the  image 
are  interpolated  from  the  pixel  values  of  the  central 
fibre  of  the  nearest  strips,  a  dense  displacement  field 
is  obtained  for  the  whole  image.  This  displacement 
field  is  then  smoothed  before  the  following  steps  of 
the  algorithm  are  applied. 

Orthogonal  iterations 

The  displacement  field  found  in  the  first  step  is  used 
to  deform  the  second  image  relative  to  the  first  one. 
An  image  I'2(ij)  is  built  from  the  (dx(ij),  dy(i j)) 
displacement  field  and  the  image  I2(ij)  as 
r2(ij)=Ii(i+dx(ij),  j+dy(i.j)).  The  image  r2(ij) 
instead  of  I2(ij)  is  now  compared  and  aligned  to 
I,(ij).  Then  the  previously  steps  are  repeated  with  the 
slicing  performed  in  the  orthogonal  direction  and  the 
alignment  results  are  used  to  update  and  refine  the 
(dx,  dy)  displacement  field.  The  combination  of  a 
horizontal  and  vertical  pass  results  in  an  alignment  in 
both  directions.  After  both  passes  are  executed,  the 
initial  orthogonal  shift  is  reduced  in  both  directions. 
To  refine  the  accuracy  of  the  matching  result,  the 
whole  process  is  reiterated  several  times  in  a 
pyramidal  fashion  by  reducing  the  spacing  and  width 
of  the  strips. 


Experimental  device 

The  experiments  were  performed  in  a  wind 
tunnel  for  different  mean  velocities  from  1  to  5  m/s. 
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The  velocity  profiles  in  the  boundary  layer 
were  obtained  by  hot  wire  and  Laser  Doppler 
Velocimetiy.  The  cavity  placed  at  200  mm  from  the 
leading  edge  has  the  characteristic  dimensions:  H=50 
mm,  L=100  mm,  W=300  mm,  were  H  is  the  height,  L 
the  length  and  W  the  width  of  the  cavity. 


Experimental  results 

At  the  entry  of  the  cavity,  the  boundary  layer 
is  still  laminar  and  it  is  matching  with  a  Blasius 
profile.  Measurements  made  after  the  cavity  showed 
that  the  boundary  layer  was  no  longer  laminar.  A 
spectral  frequency  analysis  of  the  hot  wire  signals 
was  realised  which  showed  that  the  frequencies  were 
in  the  low  frequency  domain  (<200  Hz).  This 
perturbation  of  the  boundary  layer  was  due  to  the  exit 
of  the  vortex  structures  from  the  cavity. 

The  velocity  field  inside  the  cavity  was 
measured  using  an  Argon  laser  and  a  Pulnix  digital 
camera  (768x484  pixels).  Lycopodium  particles  were 
used  as  seeding. 

The  velocity  field  was  computed  using 
ODP-DPIV  and  classical  DPIV  based  on  cross- 
correlation  techniques.  An  example  of  a  velocity  field 
corresponding  to  the  left  part  of  the  cavity  (A,  Fig  6) 
obtained  by  DPIV  for  a  mean  velocity  of  1  m/s  is 
presented  in  Fig.3  For  the  same  pair  of  images,  the 
results  obtained  using  optical  flow,  is  presented  in  the 
Fig.  4.  We  can  observe  the  good  concordance 
between  the  two  velocity  fields.  For  DPIV  technique 
the  cross-correlation  window  size  was  16x16  pixels. 
In  Fig4  the  vectors  are  presented  in  the  same  range. 
The  result  of  a  zoom  made  in  a  region  with  a  velocity 
gradient  is  presented  in  Fig.5;  the  spatial  resolution 
obtained  by  optical  flow  is  higher,  one  vector 
corresponds  to  a  4x4  pixels  search  window . 

A  numerical  result  corresponding  to  the 
experimental  configuration  is  presented  in  Fig.  6. 
Two  counter  rotating  vortex  are  observed  with  eddies 
of  smaller  dimensions  turning  around  them.  The  flow 
visualisation  (Fig.  7)  confirms  the  perturbation  of  the 
laminar  boundary  layer  numerically  observed. 

In  the  same  conditions  of  mean  flow 
velocity  and  at  the  same  location  a  couple  of  images 
was  recorded  using  smoke  as  seeding  (Fig.  8).  In 
these  conditions,  the  DPIV  based  on  the  cross¬ 
correlation  technique  is  unable  to  compute  an 
accurate  velocity  field.  However  the  DPIV  based  on 
the  optical  flow  could  furnish  interesting  results  in 
these  seeding  conditions  (Fig.  9).  Even  if  the  image 
processing  was  made  in  the  same  flow  conditions  and 
at  the  same  location,  it  is  difficult  to  compare  the 
velocity  fields  obtained  with  Lycopodium  particles 


and  with  smoke  because  the  flow  inside  the  cavity  is 
very  unsteady.  Experiments  with  smoke  used  as 
seeding  are  currently  performed  in  simple 
experimental  configurations  in  steady  flows  in  order 
to  valid  the  optical  flow  method  in  these  experimental 
conditions. 


CONCLUSION 


An  Optical  How  technique  based  on  the  use 
of  Dynamic  Programming  has  been  successfully 
applied  to  Digital  Particle  Image  Velocimetiy 
yielding  a  significant  increase  in  the  accuracy  and 
spatial  resolution.  Results  have  been  presented  for  an 
interaction  between  a  boundary  layer  and  a  cavity 
modelling  the  flow  in  a  canyon  street  Using  this 
algorithm,  a  dense  velocity  vector  field  for  every 
pixel  of  the  image  could  be  obtained. 

Preliminary  experimental  investigations  show  that 
optical  flow  method  can  be  successfully  applied  to 
extract  velocity  fields  on  smoke  seeding  image 
sequences  on  which  classical  cross-correlation  DPIV 
fails. 

Future  work  will  be  conducted  in  order  to  obtain  a 
better  characterisation  of  the  results  quality:  statistical 
estimation  of  the  accuracy  of  the  velocity  field  from 
the  particle  density,  the  smoothness  of  extracted  field 
and  the  reconstruction  error. 

An  important  future  development  of  the 
optical  flow  technique  is  its  extension  to  three- 
dimensional  velocity  fields  computation  for  which 
Dynamic  Programming  search  is  very  well  suited. 
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Figl.  Image  slicing 


Fig2.  Strip  alignment 


Fig.5  Zoom  of  the  velocity  field  of  the  indicated  region 


Fig.6  Numerically  vorticity  field 
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Fig.7  Vortex  structures  at  the  interaction  region  (zone  B) 


Fig  8.  Couple  of  images  inside  the  cavity  (same  location  as  in  Fig.  3-4)  using  smoke  as  seeding 
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Fig.9  Flow  field  velocity  using  DPIV  based  on  Optical  Flow  and  using  smoke  as  seeding 
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